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Abstract 
High power converters have found their way into many industries. Variety of industries 
processes have increased their requirements in power level, economy of scale, efficiency, 
new control method, new topologies and using new technologies (like new semiconductors). 
The incentive to move to higher frequencies is not only given by the reduced sizes of the 
passive components, magnetic core losses, but also the application demands. It is thus clear 
that much can be gained from moving to a design that enables operation at very high 
frequency. Hence in the recent years, high frequency high power converters have been one of 
the most active areas in research. 
In this PhD research project high power converters have been considered, regarding to their 
power level, as two categories of high instantaneous and high average power converters. 
High frequency high instantaneous power converters mostly known as pulsed power supplies 
are studied as the main aspect of this research, and high frequency high average power 
converters are investigated with the specific intention on high power piezoelectric transducer 
applications as the second aspect. 
The research was conducted at two levels; first the system level which mainly encapsulated 
the circuit topology and control scheme and second the application level which not only 
involves with real-world applications but also evaluate the proposed and designed power 
supplies. In this regard, this PhD research was a multidisciplinary project and contribution 
with different research groups was made as listed below: 
 Biofuel Research Group, Queensland University of Technology (QUT) 
 The International Laboratory for Air Quality and Health, QUT 
 MQ Photonics Research Centre, Macquarie University 
 Pulsed Power Laboratory, Kumamoto University 
 Ultrasound-System-Development, Fraunhofer Institute for Biomedical Eng 
 This thesis is divided into two main sections. The first section as the major goal of this 
dissertation was to develop, design and practical implementation of effective pulsed power 
supply topologies with respect to the application requirements considering the power 
electronics techniques and current existing commercialized devices. 
To gain insight into the principle and characteristics of pulsed power technology, variety of 
topologies and applications were investigated. The main advantage of non-solid state 
methods found to be utilizing gas-state and magnetic switches as they possess a very high 
blocking voltage and fast rise time. However, as their drawbacks, they are bulky, unreliable, 
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have short lifetime span and low repetition rate. Even with the magnetic switches, which have 
a higher repetition rate, the problems remain. These conditions limit the mobility, efficiency 
and increase the cost and the size of the pulsed power system. On the other hand, advances in 
solid-state switches and exploiting power electronics techniques and topologies have led to 
compact, efficient, high repetition rate and more reliable pulsed power systems. The main 
drawbacks of solid-state switches are their limited power rating and operation speed. 
Hence, the main objective was to remedy these two issues by exploiting power electronics 
techniques and topologies. As the first step, different configuration of power converters found 
beneficial both in improving power and operating speed limits. Using two 600V IGBTs 
(Insulated Gate Bipolar Transistor) the experimental setup based on flyback converter was 
evaluated up to 4kV. Simulation and practical implementation of the proposed method are 
presented in Chapter 2 and Chapter 3. 
To evaluate the performance of the proposed method the series configuration of the flyback 
converter was extended up to 10 modules. The experimental setup utilizing just two 1400V 
IGBTS was implemented with the capability of generating 40kV, however due to laboratory 
health and safety issues it was tested up to 20kV. The results and analysis are addressed in 
Chapter 3.  
The proposed method depicted superior advantages both in improving the power rating and 
rate of rise. However, it is load dependent and suitable for high impedance load. To remedy 
this issue while preserving the obtained advantages a pulsed power topology based on 
modularity concept was developed. Benefiting from cascaded switch-capacitor units and 
effective control scheme a load independent pulsed power supply was proposed. Chapter 4 
provides proposed method description and analysis. 
To investigate real-world application characteristics and effect of pulsed power supply, two 
different applications were considered. Exhaust gas treatment and analysing particle matter 
(PM) mass and distribution is studied as the first application. In this regards, a DBD 
(Dielectric Barrier Discharge) reactor with a multipoint to plate geometry electrodes was 
gradually designed. A pulsed power setup based on push-pull converter with bipolar output 
voltage was developed, which provides controllable parameters to excite the DBD load at 
different operation point. The experiments were conducted on real diesel exhaust gas at 
different voltage level from15kVpp to 19.44kVpp at 10kHz. An optimum operating point was 
investigated with respect to PM distribution and highest PM removal efficiency. The analysis 
and experimentations are described in Chapter 5.  
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As the second application, driving Xenon filled plasma lamp using pulsed power supply 
was studied with the main intention of controlling the lamp intensity. Considering the 
obtained results over wide range of voltage levels and operating frequencies, the plasma lamp 
power consumption regarding to its intensity depicted nonlinear behaviour of plasma lamp 
and the possibility of selecting an optimum operating point was found. Chapter 6 provided 
the detailed analysis. 
The second part of this project focused on developing high power converter for high power 
ultrasound applications. In order to understand the specifications of required excitation signal 
which needed to be generated using a power converter, characteristics of high power 
piezoelectric transducer using different medium and operating conditions were studied. The 
experimentation and frequency response analysis are presented in Chapter 7. 
Based on the piezoelectric transducer characteristics outcomes, an efficient adaptive 
algorithm along with a multi-level inverter was developed in order to increase the efficiency 
of high power piezoelectric applications. The proposed algorithm is capable of detecting 
piezoelectric resonance frequency variations and adapting the inverter operating frequency in 
order to get high power conversion efficiency. Chapter 8 depicted the evaluation of the 
proposed technique and effect of employing such algorithm on performance of an ultrasound 
interface. 
Finally, the conclusions and possible future works are drawn in Chapter 9. It is to be noted 
that dealing with practical issues such as noise, EMI (Electro Magnetic Interference), high 
voltage insulation, transformer saturation, spikes across the IGBTs, DSC (Digital Signal 
Controller) programming and etc, caused vast studying in addition to the main objectives. In 
addition to the gathered knowledge concerning the energy conversion of the power converter, 
the experiments and investigated applications also yielded a large amount of valuable data 
concerning converter development under different pulse conditions and load configurations. 
This data is presented in a systematic manner as seven chapters (journal and conference 
papers) so it can be of value for future related research. 
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1.1. Definition of the Research Problem 
High power converters have found their way into many industries. Variety of industries 
processes have increased their requirements in power level, economy of scale, efficiency, 
new control method, new topologies and using new technology (like new semiconductors). 
The incentive to move to higher frequencies is not only given by the reduced sizes of the 
passive components, magnetic core losses, but also the application requirements. It is thus 
clear that much can be gained from moving to a design that enables operation at very high 
frequency. Hence in the recent years, high frequency high power converters have been one of 
the most active areas in research [1-7]. 
Generally, high power converters regarding to their power level can be divided into two 
different categories of high instantaneous and high average power converters. High 
instantaneous power converters are mostly known as pulsed power supplies. The need for 
generating high instantaneous power pulses was started with defence-related applications. 
But over the last two decades, non-military applications of pulsed power technology have 
been gained lot of interest. More than one hundred possible applications can now be listed [2, 
8-43].  
Varieties of topologies have been introduced and used for pulsed power supplies such as 
Marx generators (MG) [18, 44, 45], pulse forming network (PFN) [18, 45, 46], magnetic 
pulse compressors (MPC) [18, 45, 47, 48], and multistage Blumlein lines (MBL) [18, 45]. 
The main advantage of these methods (non-solid state) is utilizing gas-state and magnetic 
switches as they possess a very high blocking voltage and fast rise time [10, 30]. However, 
Gas-state switches require special operating conditions such as high pressure, vacuum 
equipments and gas supplies. In addition, they are bulky, unreliable, have short lifetime span 
and low repetition rate. Even with the magnetic switches, which have a higher repetition rate, 
the problems remain. These conditions limit the mobility, efficiency and increase the cost and 
the size of the pulsed power system [10, 30]. 
There have been great improvements in the pulsed power area in the recent years. Advances 
in solid-state switches and exploiting power electronics techniques and topologies have led to 
compact, efficient, high repetition rate and more reliable pulsed power systems. The main 
drawbacks of solid-state switches are their limited power rating and operation speed. The new 
developed solid-state switches such as Insulated-Gate Bipolar Transistor (IGBT), Integrated 
Gate-Commutated Thyristor (IGCT) and Silicon Carbide Devices (SiC) have high power 
rating [30, 49-51], but their lower operation speed comparing with the gas-state switches and 
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high cost still put limits in the pulsed power supplies. From these circumstances, Problem #1 
arises:  
1. Problem # 1: Solid-state pulsed power supplies drawbacks including low blocking 
voltage of switching device, operating speed, and lack of flexibility 
One way to increase the pulsed power supply performance and cover the switch 
limits is to explore alternative circuit topologies. Since the above mentioned 
topologies carries complexity, inflexibility and inefficiency as their main 
drawbacks, applying power electronics topologies and techniques to remedy these 
problems was one of the major objectives in this research project. Power electronic 
topologies are considered not only as an alternative way to overcome the switch 
limits but also in developing flexible and compact systems. Thus, several power 
electronics topologies and control methods are studied and investigated in order to 
optimize them for supplying pulsed power applications with maximum flexibility. 
In addition to switching devices and circuit topology, power converter requirements are 
dependent on the characteristics of the load as well. In other word this is the application 
which defines the power supply specifications. Pulsed power applications present one of the 
most varied ranges of loads in terms of load behavior and impedance. Hence, various load 
conditions adversely affect the power supply flexibility which leads to the second research 
problem:  
Problem # 2: Load dependency problem 
To remedy this problem, two different approaches can be studied. The first is to 
design a pulsed power supply based on the application characteristics. This requires 
clear study of the application or load behaviour, which can be results in a most 
appropriate power supply for that specific application. The second method is to 
design a flexible pulsed power supply. Here, flexibility stands for load 
independency, which means to design a pulsed power supply which can cover wide 
range of applications. Hence, to cover both methods varieties of pulsed power 
applications were considered in order to study their behaviour and effects on the 
pulsed power supply.  
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The high frequency high average power converters (second category) in this project were 
specifically considered for high power piezoelectric transducer applications. The critical 
behaviour of a piezoelectric device is encapsulated in its resonance frequencies because of its 
maximum transmission performance at these frequencies. An ideal scenario is to have a 
sinusoidal excitation signal at the resonant frequency. But at high power and high frequency, 
which is the focus area of this thesis, generating pure sinusoidal signals is not possible. The 
most efficient way is to benefit from high power high frequency converters to excite the 
piezoelectric device properly. This arises the last research problem: 
Problem # 3: Increasing the efficiency of high power piezoelectric application 
Piezoelectric devices typically have multiple resonant frequencies, but only the 
major resonant frequency is generally targeted for excitation in practice. Structural 
and environmental changes of a piezoelectric system can affect variations in the 
resonant frequencies [5, 52]. Therefore it is important to estimate the main resonant 
frequency in order to maintain efficient system operation. Regarding this issue, 
piezoelectric behaviour and circuit model was fully investigated in order to optimize 
the power supply. In addition, as the performance of the piezoelectric application 
increases by adapting the power converter switching frequency with variations in 
piezoelectric resonance frequency different frequency estimation methods were 
studied. 
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1.2. Literature Review 
1.2.1.  Introduction 
High power converters have been employed in industries for many years. However, in recent 
years, developing and investigating high power converters have gained substantial interest, as 
the variety of industries processes have increased their requirements in power level, economy 
of scale, efficiency, new control method, new topologies and using new technology. In 
addition, interest in operating at higher frequencies has increased as well. The inducement in 
moving to higher frequency levels is not only given by the reduced sizes of the passive 
components, magnetic core losses, but also the application demands. It is thus clear that much 
can be gained from moving to a design that enables operation at high frequency. Hence in the 
last decade, high frequency high power converters have been one of the most active areas in 
research [1-7]. 
Since the advantages of employing power electronics technologies have been exploited, 
varied types of power converters are introduced and manufactured. The power converters 
have been categorized in varied ways regarding to the application requirements and 
specifications. One can classified the power converters based on the voltage level, frequency 
level or power level. As the main goal of this PhD research was high power converters and 
due to the presence of varied applications, in this research high power converters are divided 
into two different categories:  
 High frequency high instantaneous power converters  
 High frequency high average power converters 
High frequency high instantaneous power converters are mostly known as pulsed power 
supplies. Pulsed power is rapid release of stored energy as electrical pulses into a load, which 
can result in delivery of large amounts of instantaneous power over a short period of time. 
The need for generating high instantaneous power pulses was started during the Second 
World War for radar application. From that time on, the defence-related applications were 
one of the key driving forces behind pulsed power technology, primarily in connection with 
nuclear weapons simulation, applications of high-power microwave sources, high-power 
laser sources, electromagnetic guns, etc. In addition, over the last two decades, non-military 
applications of pulsed power technology have been studied. More than one hundred possible 
applications can now be listed [2, 8-43].  
High frequency high average power converters (second category) are considered 
specifically for high power ultrasound application in this research. One of the major issues 
with high power ultrasound systems is the short life-time span of the piezoelectric transducer 
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which cannot withstand such high power signals for a long time. Recently applying power 
electronics techniques for high power ultrasound applications has gained interest, as the life 
time of the piezoelectric transducer increases due to the fact that the power supply is not 
applying the high power signal continuously and it is in the pulse manner. But the big 
challenge is how to design a power supply which can generate a proper excitation signal for 
the piezoelectric device. The critical behavior of a piezoelectric device is encapsulated in its 
resonance frequencies because of its maximum transmission performance at these 
frequencies. The resonance frequencies fall within the range of ultrasound which means 
above 20kHz. Hence high frequency high average power converters need to be considered 
(second category).  
 
1.2.2.  Pulsed Power (high frequency high instantaneous power 
converter) 
The need for generating high instantaneous power pulses was started during the Second 
World War for radar application. From that time on, the defense-related applications were 
one of the key driving forces behind pulsed power technology, primarily in connection with 
nuclear weapons simulation, applications of high-power microwave sources, high-power 
laser sources, electromagnetic guns, etc. In addition, over the last two decades, non-military 
applications of pulsed power technology have been studied. Pulsed power supplies are a key 
component in systems that the load needs to be pulsed.  
Pulsed power is rapid release of stored energy as electrical pulses into a load, which can 
result in delivery of large amounts of instantaneous power over a short period of time [44, 
45]. Interest in pulsed power technology has been growing extremely fast since 1923, the 
year that Erwin Marx invented a very high voltage generator (Marx generator) [18]. Since 
then, pulsed power technologies have found variety of applications; especially it is subjected 
to the clean technology.  
There have been great improvements in the pulsed power area in the recent years. The 
highest energy and power that have been achieved in a single pulse are at present of the order 
of 100MJ and a few hundred terawatts respectively. The highest voltage and current 
amplitudes are obtained at 50MV and 10MA, respectively [44]. In addition to its power and 
energy, the pulse rise time, fall time and repetition rate are also important, which are achieved 
in a fraction of nanosecond and few MHz. Setting these features is completely depending on 
the pulsed power system sections. 
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Generally, as the Fig. 1.1 shows, a pulsed power system consists of three main sections of 
energy storage, pulse generator and the load.  Considering this, study and design of a pulsed 
power system can be considered at two levels (Fig. 1.1):  
 System Level 
 Application level 
 
Fig.  1.1 General scheme of a pulsed power system. 
In order to have a high performance system, careful consideration of each of these levels is 
needed. Therefore, each level is described in the following sections. 
 
1.2.2.1.  System Level  
This level consists of two important parts of energy storage and pulse generator. At this 
level the main concern is to accumulate and store the energy and finally release the stored 
energy rapidly to get required pulses. The whole procedure is accomplished by benefiting 
from the different circuit topologies, components and control algorithms.  
 
1.2.2.1.1.  Background 
Energy storage can be capacitive, inductive [44]. Fig 1.2 illustrated simple schemes of 
capacitive and inductive storage pulsed power supplies.  
In Fig 1.2(a), first the switch S is open and in this interval energy should be stored from a 
high voltage power supply in the capacitor. In the second step the switch turns on and energy 
stored in capacitor transfers to the load. In the second scheme, Fig 1.2(b), first S1 is close and 
S2 is open. In this stage the inductor is charging. In the second stage, S1 and S2 turn off and 
on, respectively. Therefore, the stored energy in the inductor transfers to the load. 
As mentioned before, despite the voltage level, there are other pulse characteristics which 
are quite important. Fig 1.3, shows the typical pulse wave form that appears across the load. 
In this figure three important features of rise time, pulse width and fall time are depicted. The 
pulse rise time, which is defined as the time it takes the voltage to rise from 10% to 90%, is 
the time that stored energy suddenly released to the load. This means that the voltage across 
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the load rises from 0 to a certain level in a time interval. Hence, this time interval completely 
depends on the switch characteristics. Some applications require a fast rise time (in a fraction 
of nanosecond) otherwise the required phenomena never happens and the load may be 
damage, such as applying pulsed power to a living cell in biomedical applications [10, 21, 26, 
29, 30].  
LoadC
S
Pulse Generator 
Capacitive 
Storage
HV 
Power 
Supply
 
(a) 
S2
Load
S1
L
Inductive 
Storage
Pulse Generator 
 
 (b) 
Fig.  1.2 Basic Capacitive (a) and inductive (b) schemes for pulse generation. 
 
 
Fig. ‎1.3 Pulse shape and its parameters. 
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Pulse energy depends on both its duration, sometimes mentioned as FWHM (Full Width at 
Half Maximum), and its amplitude. The pulse duration depends on the amount of the stored 
energy and the load impedance. This means that if the stored energy is low regarding the load 
impedance then the pulse amplitude should increased so that the required energy transferred 
to the load, otherwise the expected phenomenon won’t happen. Therefore, the energy should 
be tuned in a way that it satisfies the load demands. 
Except for the pulsed power supplies which generate pulses based on the fall time, the load 
defines the fall time. In some applications the load has resistive characteristics [18, 38, 53] 
that a spark happens at the output while in some applications the capacitive behavior of the 
load [35, 41, 53-56] causes the output voltage never decreases and an efficient way to 
discharge the power supply is required. 
The final feature of the generated pulse is the repetition rate. The repetition rate depends on 
storage unit and switches. If the storage unit is not able to recharge in a required time then it 
decreases the repetition rate of the system. Same thing happens when the switches are not fast 
enough. Normally, when the voltage level increases the repetition rate decreases. That is why 
the extra high voltage systems are working in the single shot mode [18]. 
Regarding the above mentioned features, the most prominent part of a pulsed power system 
is the pulse generator, which is based on the utilized switch and topology. Hence, the pulse 
generator is the connecting part between the storage and the load. This means that the switch 
and employed topology power capability and operating speed define the whole system 
characteristics.  
Due to switches power rating limits, in some applications it is required to use multiple-
switch base circuit. A conventional way to utilize multiple switches is to directly stack them 
in series or in parallel, as shown in Fig 1.4. The series and parallel connections can be used in 
generation of high level of voltage and current, respectively [18, 57]. For high power 
demands, multiple switches are stacked in series and parallel. 
The implementation of series stack requires careful attention. Differences in switches 
characteristics and their drive circuit should be considered in a way that they get 
synchronized. Moreover, the system has to be able to handle the failure of the switches. 
These problems decrease the interest of using this configuration. 
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 (b) 
Fig.  1.4 Using multiple switches to overcome the switches power rating problem, (a) parallel for high current 
and (b) series for high voltage applications. 
 
1.2.2.1.2.  Non Solid-State Pulsed Power 
The simple schemes mentioned above become ineffective if it is required to produce 
voltage pulses of amplitude         V, for the lack of capacitors and switches designed for 
such high voltages. In this case, voltage multiplication schemes are applicable [45]. In this 
section the most known non solid-state pulsed power topologies are reviewed.  
 
Marx Generator (MG) 
Marx generator is one of the most common topologies used in variety of applications [18, 
44, 45] (Fig 1.5).  In this circuit, N capacitors are connected in parallel and charged through 
resistors to a voltage V0. If all switches close simultaneously, capacitors become connected in 
series and a voltage pulse with the voltage level of close to NV0 appears across the load. The 
total capacitance value versus the load will be C/N, and hence the pulse FWHM will be    
        
 
 ⁄ .  
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Fig.  1.5 Conventional Marx generator. 
This topology was proposed by Marx in 1923 for high-voltage generation based on the 
spark gap switches. The spark gap switch can be categorized in gas-state or non solid-state 
switches. The high voltage and power rating of this switch is its main advantage. The main 
benefit of this generator is that the multiple switches will be synchronized automatically. The 
closing of the first switch leads to an overvoltage across the other switches that are not yet 
closed. Subsequently, this overvoltage forces them to close.  
In the conventional MG the resistors must be high to prevent the discharging of the 
capacitors. The high value of the resistance limits the pulse generation rate due to the long 
charging time of the capacitors besides being a loss component [44, 45]. To overcome the 
drawbacks of energy loss and long charging time, a modified version of the MG has been 
introduced, which the resistors are replaced by inductors [45]. The only problem with this 
topology is tuning the capacitors charging time due and resonance between the inductors and 
the capacitors. 
Regarding the above mentioned features, the MG is used extensively in pulsed power 
application, and many different Marx based systems have been developed.  
 
Pulse Forming Network (PFN)  
A more efficient method of voltage multiplication was proposed by Mesyats [18, 45, 46]. 
This topology is based on L-C ladder network. This scheme is known as pulse forming 
network and it consists of N stages, each containing an oscillatory LC circuit and a spark gap 
switch (Fig 1.6).  The component values should be as follows: 
             
             
(1-1) 
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C0 is the capacitance of the smoothing filter of the rectifier. Resistors         are 
connected in the circuit to ensure complete discharging of all LC-circuit capacitors. The 
resistors are generally selected as: 
      
      √
  
  
⁄  (1-2) 
where i is the LC-circuit number. 
V0
C0
L1
S1
C1 R1
L2
S2
C2 R2
L3
S3
C3 R3
LN
SN
LoadCN RN
HV 
Power 
Supply
 
Fig.  1.6 Conventional pulse forming network [45]. 
As the switch S1 operates, the capacitor C0 charged to a voltage of V0, discharges into the 
capacitor C1. Considering a lossless circuit the voltage across the C1: 
     [     (
 
√    
)] (1-3) 
Considering the above equation, at time       √     the maximum voltage V1max is 
equal to 2V0. If the switch S2 closes at the time t1, then regarding equation (1-1) C1 
discharges into C2 much faster than into C0. In       √     , the voltage across the C2 
becomes           . Therefore, if switch closes at proper time then eventually the 
maximum voltage across CN will be: 
    
    (1-4) 
Therefore, this topology is more efficient as it generates higher voltage level with same 
number of switches comparing with MG.  
Different combinations of the LC-circuit have been addressed in the literature in order to 
increase the performance of the PFN. For example in 1964 just one year after the 
conventional PFN has been introduced [18, 45, 58], the modified version of the conventional 
PFN was introduced (see Fig. 1.7). The output voltage can reach to the same level of voltage 
as MG but the number of the switches is reduced by a factor of 2.  
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Fig.  1.7 PFN with reversal voltage polarity [18]. 
 
Multi-Stage Blumlein Lines (MBL)  
The third alternative for voltage multiplication is inductive adder which is also known as 
multi-stage Blumlein lines [18, 45]. As shown in Fig 1.8 several pulse transformers with the 
secondary side connected in series are used. The advantage of this topology is benefiting 
from transformer turns ratio in order to increase the voltage. Secondly, as each core is 
independent the currents will naturally be shared between all switches. Therefore, low power 
rate switches can be used in this topology. The output voltage will be the sum of all voltages 
in the primary side multiply by the transformer turns ratio. 
 
 
Fig.  1.8 MBL or adder topology [18]. 
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Magnetic Pulse Compressor (MPC)  
Magnetic pulse compressor behaviour is similar to PFN because both operate based on the 
resonant converter. The only difference is that the MPC is used to compress the generated 
pulse to obtain fast rise and fall times. Therefore, it can be used as the final stage in a pulse 
generator unit. This topology uses magnetic switches instead of gas-state switches. Figure 9 
shows a typical MPC circuit [47]. Suppose that C1 = C2 = C3 = C and MSs L1 MSu. MSu 
and MSs refer to the unsaturated inductance and the saturated inductance of the MS, 
respectively. On switch closure with the above conditions, the charged energy in C1, which is 
initially charged to a potential V0, is transferred to C2 by C−L−C resonance. As the potential 
on C2 reaches a point at which MS will saturate, the energy transfer takes place from C2 to C3 
once more. In the latter loop, L1 and the switch are replaced by the MS. The voltage V1 and 
the current I1 are compressed to V2 and I2, respectively, by the function of MS during the 
energy transfer, as shown in Fig. 1.9(b). 
Considering the above mentioned topologies variety of pulse generators have been 
introduced based on the different combinations of the mentioned topologies [18, 44, 45, 47, 
48]. Some of them have been implemented in large scales for extra high power generation 
such as Z-Machine, at Sandia National Laboratory, which stores 12MJ of electrical energy in 
36 Marx generators and the intermediate stores reach a peak voltage of 5MV. This machine 
has been developed now to shoot 27 million amperes (previously 18million) in 95 
nanoseconds with output power of 350 terawatts. Improvements on increasing the ability of 
machine in order to support 1 petawatts (    ) is going on [59]. 
The switches in the above mentioned pulse generators are gas-state or magnetic switches 
(non-solid state). Gas-state and magnetic switches have been widely used in pulsed power 
technology, as they possess a very high electric strength and fast rise time. Gas-state switches 
require special operating conditions such as high pressure ( 1), vacuum equipments and gas 
supplies. In addition, they are bulky, unreliable, have short lifetime span and low repetition 
rate. Even with the magnetic switches, which have a higher repetition rate, the problems 
remain. These conditions limit the mobility, efficiency and increase the cost and the size of 
the pulsed power system [10, 30, 60]. 
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(a) 
 
(b) 
Fig.  1.9 Basic MPC: (a) circuit, (b) Voltage waveforms [47]. 
1.2.2.1.3.  Solid-State Pulsed Power 
Variety of topologies has been introduced for solid-state based or combination of solid-state 
and non-solid state switches. In this section the well-known ones are mentioned. 
The solid-state high power converters have found wide spread applications in industry. The 
development of solid-state high power converters started in the mid-1980s when 4500-V gate 
turn off (GTO) thyristors became commercially available. The GTO was the standard for the 
medium-voltage drive until the advent of high-power insulated gate bipolar transistors 
(IGBTs) and gate commutated thyristors (GCTs) in the late 1990s [6]. These switching 
devices have rapidly progressed into the main areas of high-power electronics due to their 
superior switching characteristics, reduced power losses, ease of gate control, and snubberless 
operation.  
Solid-state switches are compact, reliable, cost effective, and have a long lifetime and 
repetition rate. Moreover, using solid-state switches has the advantage of benefiting from the 
power electronic controlling techniques, which results in compact and more efficient pulsed 
power supply [10, 25, 30, 40, 44, 53, 60].   
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The main drawbacks of solid-state switches are their limited power rating and operation 
speed.  For the applications that needs high repetition rate, high stability, and a long life time 
the only options is using the solid-state switches. Therefore, their power rating and operation 
speed limits should be solved. Table 1.1 compares the solid-state and non-solid sate switches 
together. 
 
 
Table  1.1 Various switch parameters 
Switch Max hold-off voltage (kV) Peak current (kA) Switching speed 
Spark gap 100 10 to >1000 <5ns 
Pseudo spark 35 5-100 >10ns 
Thyratron 30 1-10 >10ns 
Thyristor/GTO 1-10 1-80 >1   
IGCT 6.5 0.5-3.8 >1   
IGBT 6.5 0.1-2 >0.4    
MOSFET 1.2 0.05-1 >2ns 
 
 
Benefiting from Diode  
At the beginning of benefiting from solid-state switches in pulsed power, most topologies 
introduced for non-solid state pulsed power were used in combination with solid-state 
switches. Fig 1.10 (a) shows the MG topology, which instead of using resistors or inductors, 
diodes have been used [61]. Using diode resolve the problem of energy loss, resonance and 
charging time in MG. Same thing has been done for PFN (LC generator) as depicted in Fig 
1.10 (b). The diode here prevents from resonance or oscillations. 
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(a) 
 
 (b) 
Fig.  1.10 Benefiting from diodes in MG [61] and PFN [18] topologies. 
 
Solid-State Marx Generator  
After the developments in solid-state switches, as mentioned above, in order to benefit from 
the long life and high repetition rate the spark gap switches have been replaced by the solid-
state ones. Fig 1.11 shows the Marx generator topology with IGBTs switches [60, 62]. 
Variety of topologies based on modified version of the MG has been introduced in literature 
[48, 60-71].  
 
Fig. ‎1.11 Conventional Marx generator based on solid-state switches [60, 62]. 
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High voltage Magnetic Compression Modulator  
Magnetic compression topology has been used widely along with solid state switches. Fig 
1.12 shows one of the effective introduced topologies [10, 23].  
 
Fig. ‎1.12 Pulsed power generator based on magnetic pulse compression [10, 23]. 
The advantages of such a technique are voltage multiplication and pulse compression 
without costly re-magnetization techniques. It operates as follows: When switch S1 closes, 
capacitor C1 discharges and through transformer T1, charges capacitors C2 and C3. Upon the 
saturation of the T1 core, capacitor C2 recharges to the opposite polarity and the voltage 
across capacitors C2 and C3 doubles. At this moment, the core of the MS saturates, and the 
voltage is applied to load Z. The charge path for capacitor C3 is provided by load Z and 
freewheeling diode D. 60 kV peak voltage with 15-20ns rise time pulse have been reported 
using the above circuit. The reported result shows the high performance of the introduced 
pulsed power supply. 
 
Using Stack of Switches for High Voltage Generation  
In solid-state switches the operating speed of the switch has inverse relation with its power 
ratings (hold-on voltage and current). Hence, to increase the hold on voltage while preserving 
the operating speed the stack of switches can be used. As mentioned before, this solution has 
problem in synchronization and switches failure.  
Fig 1.13 shows one of the methods based on using stack of switches [72]. Here, a repetitive 
pulsed power generator using MOSFET (Metal-Oxide Semiconductor Field-Effect 
Transistor) has been developed for accelerator applications. In order to increase the voltage 
and current capacity, MOSFETs have been stacked with 8 in series and 6 in parallel. Fig 1.13 
shows the circuit of a module of 6 MOSFETs, connected in parallel.  MOSFET times, high-
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speed ICs are used to control gate potential. In addition, the FETs (Field-Effect Transistor) 
are carefully selected so that the response-time difference between them is reduced to 
minimum. Finally, eight of such modules are connected in series (48 switches connected).  
Fig 1.14 shows the test circuit. In this circuit a capacitor charged by 5kV (functions as the 
energy storage), while the MOSFET unit turning on and off controlled by the trigger pulses. 
A 70Ω resistor is used as the load. The pulses were generated at 5kV with rise time of 33ns, 
fall time of 43ns and repetition rate of 2.1 MHz. 
 
Fig. ‎1.13 Circuit of a module of 6 MOS-FETs, connected in parallel [72]. 
 
 
Fig. ‎1.14 Test circuit of MOS-FET switching unit [72]. 
Considering the synchronization issue, the manufacturing companies have optimized 
semiconductor components for pulsed power applications. Hence, similar switches are 
selected to resolve the synchronization problem and in the case of series configuration new 
type switches which have SCFM (Short Circuit Failure Mode) are used. Fig 1.15(a) shows 
ABB switch [49] for pulsed power applications which can handle 10Kv, 90kA with low 
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repetition rate of 1Hz. But BEHLKE Company which is one of the companies who has 
focused on extra high voltage switches has developed fast switches that can handle 90Kv, 
100 A with repetition rate of 100 KHz [73] (Fig 1.15(b)). The only problem with these kinds 
of switches their high cost and high rise time. 
 
(a) 
 
 (b) 
Fig.  1.15 High voltage switches (stack of switches) optimized for pulsed power applications: (a) ABB [49], (b) 
BEHLKE [73]. 
 
1.2.2.1.4.  Power Electronics Converters for Pulsed Power  
Power electronic converters have been one of the fastest growing market sectors in the 
electronics industry over the last 25 yrs. Power electronic devices are at the heart of many 
modern industrial and consumer applications and account for $18 billion per year in direct 
sales, with an estimated $570 billion through sales of other products that include power 
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electronic modules [74]. Recently, applications of solid-state high power converters have 
gained great interest.  
The topologies that were not originally designed for the pulsed power have been used in 
this area. The main reason is benefiting from power electronic techniques to control the 
energy flow and increase the system efficiency [53]. In the following the most high 
performance methods for pulsed power supplies are reviewed. 
An ultra compact generator based on the boost topology using static-induction thyristor (SI-
Thyristor) is addressed in [72]. In this approach, a SI-thyristor is used to develop an ultra-
compact pulsed power generator that is aimed at automobile applications. The electrical 
circuit is illustrated in Fig 1.16. 
This topology is consists of two stages of inductive energy storage with opening switch. 
The behaviour of stage 1 and 2 are controlled by FET1 and FET2, respectively. Although the 
second stage is completely controlled by FET2, the SI-thyristor plays the role of opening 
switch and holds the voltage during the output. The SI-thyristor used in this experiment is a 
4cm device with nominal maximum voltage of 3 kV and current of 300 A. The typical 
waveforms are shown in Fig 1.17. The capacitor C1 is charged by the DC voltage supply of 
12 V. The capacitance of C1 is large enough so that its voltage keeps nearly constant during 
operation. When FET1 is turned off, the inductive energy stored in L1 is transferred to C2, 
resulting in the C2 charging voltage of 200 V. When FET2 is turned on, the current in L2 goes 
up and reaches 150A. Finally, the opening of SI-thyristor causes a voltage across SI-thyristor 
of 3kV, which is multiplied by the transformer to 12 kV at the output. The FWHM is 100ns 
and the repetition rate is 2 KHz. 
 
Fig.  1.16 Electrical circuit of the pulsed power generator using SI-thyristor [72]. 
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Fig.  1.17 Waveforms of L2 current and the output voltage [72]. 
The literature refers the use of flyback, forward, half-bridge and full-bridge converters for 
applications such as rapid capacitor high-voltage charging, food processing, X-ray plasma 
processing, and air and water pollution control [53, 75-78]. The advantage of all these 
configurations is using the transformer which is advantageous in isolation and stepping up the 
output voltage. 
Flyback and forward converter are two well known topologies in power electronics [53, 76, 
78-85]. Flyback topology has been used from long time ago in CRT (Cathode Ray Tube) TVs 
for high voltage generation. Fig 1.18 shows these two topologies. 
The forward and flyback topologies are suitable for the generation of unipolar pulses. In the 
case of bipolar pulses, half-bridge or full-bridge configurations are required (Fig 1.19).   
Comparing flyback with all other converters for the pulsed power applications shows that 
flyback topology seems much more appropriate [53, 82, 83]. The major advantage of flyback 
topology over other power electronic topologies is the way of using transformer. The 
transformer in this topology stored energy, steps down reflected voltage across the switch and 
isolation. The problem with this topology is high frequency issues due to using the 
transformer [83, 86]. 
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(a) 
 
 (b) 
Fig.  1.18 (a) flyback, and (b) forward topologies [53]. 
 
Most of the introduced method for solid-state based configurations didn’t apply to the real 
applications the whole circuit has been just evaluated with a resistive load. In the real world 
that the applications have different behaviour such as RC, C, or RL [53] these methods 
become ineffective. As a conclusion, even with the recent developments on solid-state 
switches, the solid-state topologies are still dealing with two important issues comparing with 
the non-solid state ones in terms of voltage level and rise time. 
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(a) 
 
 (b) 
Fig.  1.19 (a) half bridge, and (b) full bridge [53]. 
 
1.2.2.2.  Application Level  
As mentioned earlier, the last section of a pulsed power system is the load. Pulsed power 
applications present one of the most varied ranges of loads in terms of load behaviour and 
requirements. Hence, various load conditions adversely affect the power supply performance. 
Here, different load types associated with pulsed power systems are described. 
1.2.2.2.1.  Load Types  
 Resistive Loads  
Pure resistive loads are not common in pulsed power applications; however high impedance 
resistive loads are used frequently as a load reference for testing and evaluating different 
pulsed power supplies. One of the most challenging load types in pulsed power area is low 
impedance resistive loads, in applications such as water decontamination, liquid food 
sterilization, and biomedical materials [12, 22, 26-28, 38, 47, 53, 87]. The problem with low 
resistive loads is that the energy dissipated in the load before the output voltage reaches to 
required voltage level. To overcome this problem designing a load independent pulsed power 
supply is needed. Till now applying pulsed power supplies with rise time in the order of 
fraction of nano-seconds have found to be a good solution [27, 53]. 
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 Resistive Capacitive Loads  
Most of the pulsed power applications have resistive-capacitive (RC) behaviour, such as 
plasma and gas processing. In fact, one of the most challenging operating conditions is 
related with operation with plasmas [39, 53, 54, 56].  
A typical example is dielectric barrier discharge (DBD) loads. To understand the load 
dynamic characteristics, it can be modelled with an RC electrical equivalent circuit as in Fig 
1.20. Here Cg represents the gap capacitance and Cd is the dielectric capacitance. Once that 
dielectric breakdown occurs, the displacement current flows from one electrode to the other, 
through the tube walls, using the plasma as a conductor, and this current is limited by Cd in a 
unique manner [55].There are two regions of operation for a DBD load. Prior to breakdown, 
Cg is in series with Cd, and the discharge is off. During breakdown a nonlinear gaseous 
discharge is in series with a capacitance Cd, which plays a major role in limiting the gap 
current. 
 
Fig.  1.20 Electrical equivalent circuit of a DBD load [55]. 
In high impedance-capacitive loads, it is extremely important that the power supply has the 
capability to short circuit the load after applying high voltage pulse; otherwise the load can be 
damaged as the load stays charged to almost full pulse voltage [53]. 
 
 Inductive Loads  
This type of the load presents when voltage pulses are applied to a coil. For instance, in 
electromagnetic metal forming application (EMF) high voltage resonant power supply applies 
high current pulses (kA) into very low-inductive system [53, 88]. With this type of loads, it is 
important that the pulsed power supply clamped the load with an opposite polarity voltage 
after high voltage pulse. 
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1.2.2.2.2.  Pulsed Power Applications 
The load is actually the application which the pulsed power supply is going to apply to. It is 
one of the important parts of the pulsed power system, as the whole system is designed based 
on the load or application requirements. Each application is separated based on the generated 
pulse characteristics such as pulse amplitude, rise time, full width at half maximum (FWHM), 
fall time, etc. Table 1.2 shows the typical pulsed power applications requirements [30]. 
Table  1.2 Summary of typical pulsed power applications requirements [30]. 
Application Electrical Energy Peak Power/Pulse 
High Energy Density Plasma Physics 20MJ >10’s TW 
Intense Electron Beam Radiography 200 kJ <1 TW 
High Power Microwave (Narrowband) 10 kJ 100 GW 
High Power Microwave (Ultra-wideband) 10 J 10 GW 
Ion Beam Modification of Materials <10 kJ 30 GW 
Bioelectrics 0.1 mJ- few J 10kW – 100 MW 
 
Generally these applications can be divided into three categories: 
  Military and Defence Applications  
In fact, the development of equipment to drive magnetron oscillators for microwave 
radar started the field of pulsed power. Since that time, applications have been 
dominated by defence-related technologies [44, 89].  
  Industrial  Applications  
In recent years, several applications based on pulsed power technology have been 
introduced, developed or commercialized. Pulsed power has covered a variety of 
industrial applications such as, fusion systems, food pasteurization, water treatment, 
ozone generation, etc [9-11, 13-15, 18, 19, 22-25, 27, 29-31, 33, 34, 36-43]. 
  Biomedical Applications  
Since demonstrated that lightly ionized air is extremely effective in killing harmful 
bacteria and spores on contaminated surfaces, the pulsed power became an important 
technology in the biomedical arenas. Pulsed power has had a great impact on 
biomedical applications such as, cancer treatment, wound healing etc [2, 12, 17, 20, 21, 
26, 28, 30, 32, 35]. 
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From another aspect the pulsed power applications can be divided into two different types 
of pulse generation. One is generating electro-magnetic energy which is the main concern of 
military applications and second is plasma pulsed generation. In the following sections the 
major non-military applications of the pulsed power system, in order to show the importance 
of this technology, are described. 
Plasma 
Plasma is defined as the fourth state of matter. It was first identified by Sir William Crookes 
in 1879. Plasma is an ionized gas containing free moving charge carriers: electrons and ions. 
Over 99% of the visible universe is made up of plasma. For example, the matter in stars or 
nebulae is plasma. There are also man-made plasmas on our planet, daily used in industrial 
and medical applications. One of the ways in generating plasma is using pulsed power 
supplies [35, 54, 56, 90-96]. 
But why generating plasma is beneficial. Plasma is very effective in disinfection. This 
makes plasma very useful for various medical and industrial applications. The factors that 
make plasma advantageous are: 
  Ultraviolet radiation 
Ultraviolet radiation (UV) causes DNA (Deoxyribonucleic Acid) damage. This DNA 
damage inhibits the replication of bacteria. The wavelengths in the range 220 – 280 nm at the 
irradiation intensities of several mW/cm2 are known to have the optimal inactivation effect. 
However, studies showed that UV is not an important decontaminating factor in treatments 
with low temperature atmospheric air plasmas [35]. 
  Heat 
Heat can inactivate bacteria. Conventional sterilization methods are based on heat. 
 
  Charged particles  
Charged particles from the plasma cause cell membrane charging, which may rupture the 
outer membranes of bacteria [11, 21, 35]. This is because the electrostatic force caused by the 
build-up of charge on the membrane can overcome its tensile strength and cause rupture. 
 
  Reactive species  
The reactive species in non-thermal atmospheric air plasmas are generated through electron 
impact excitation and dissociation. In these air plasmas we can find nitrogen– and oxygen–
based species such as atomic oxygen, ozone, NOX (Nitric Oxides), and OH. 
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When the electric field intensity increases, it affects the electrons in the atomic orbital and 
may cause atoms or molecules to polarize or liberate electrons. The maximum electric field 
that a dielectric material can withstand without conduction is known as the dielectric strength 
of that material and is expressed in V/mm. Table 1.3 shows the dielectric strength of common 
materials. When the electric field increases beyond the dielectric strength, the material 
becomes conducting by a process called avalanche effect, whereby electrons collide with the 
atomic or molecular structure, releasing more electrons which in turn lead to the further 
breakdown of the material. Large currents are possible at breakdown. For example the 
dielectric strength of air at normal temperature and pressure is 3 kV/mm. At this point air 
ionizes rapidly and arcing occurs. This is what happens during a lightning strike. Therefore, 
depending on the electrodes gap and material dielectric strength the required electric filed 
intensity varies in different applications. 
Table  1.3 Dielectric strength of common materials. 
Substance Dielectric Strength (kV/mm) 
Helium (relative to nitrogen)  0.15 
Air (relative to nitrogen) 3 
Window glass 9.8-13.8 
Silicone oil, Mineral oil 10-15 
Benzene 163 
Polystyrene 19.7 
Polyethylene 18.9-21.7 
Neoprene rubber 15.7 - 26.7 
Distilled Water 65-70 
High Vacuum (field emission limited) 20 - 40 (depends on electrode shape) 
Fused silica 470 - 670 
Waxed paper 40 - 60 
PTFE (Teflon, Extruded ) 19.7 
PTFE (Teflon, Insulating Film) 60 - 173 
Mica 118 
 
Generally, plasma can be divided into three different types of: 
1)  Plasma Discharge 
Plasma discharge, thermal plasma or hot spark happens when the electric field intensity 
exceed from the dielectric strength of the matter. In this situation high current pass 
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through the material and makes spark or arc. Due to this fact this type of plasma is not 
preferable as the material, probe and pulsed power supply may get damage. 
 
2)  Cold Plasma 
Cold plasma can happen in low pressure and it is also kwon as non-thermal plasma. 
This situation is readily achieved under reduced pressures, in the range of 10 to 1000 
Pa. But, these plasmas must be confined in massive vacuum reactors, their operation is 
costly, and the access for observation or sample treatment is limited. 
3)  Atmospheric non-Thermal Plasma/Corona 
In order to achieve the characteristics of non-thermal plasma but at atmospheric 
pressure the current should be limited when the material starts to conduct. This can be 
done by controlling electric field intensity in way that it never goes above the dielectric 
strength. The second way is using a dielectric barrier discharge (DBD) which is a 
special way of placing the electrodes [39-41, 53-56]. This kind of plasma in known as 
corona discharge [35, 90, 91, 93, 96] and it is quite desirable due its non-destructive 
features. 
 
Interest in pulsed power technology in biomedical field is increasing since its disinfection 
feature has been found. The biological effects of pulsed power can be categorized as water or 
liquid discharge, gas discharge, and electromagnetic field [2, 17, 20, 21, 26, 28, 30, 32, 35]. 
Except for generating electromagnetic field which can be used in cancer treatment all other 
applications benefit from the plasma inactivation features (described in the previous section).  
On the other hand, with the pulsed power major features as efficiency, compactness, low 
maintenance, reliability and clean technology, pulsed power industrial applications are 
growing fast. 
In the following two sections, the pulsed power applications have been considered in three 
different categories with respect to biological and industrial applications. First one is 
biological applications and the second one is industrial applications.  
1.2.2.2.3.  Water/Liquid Discharge  
The most typical application of pulsed discharges in liquid is water treatment. The objects 
of treatment are in various fields in both biomedical and industrial applications, such as 
sewage, river, lake and etc. Liquid discharges are selected for sterilization or inactivation of 
bacteria in liquid decontamination. A streamer discharge is usually used in liquid [9, 10, 12, 
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22, 27, 38, 47, 87]. These streamer discharges in liquids are able to produce a high electric 
field, high energy electrons, ozone, chemically activate species, ultraviolet rays, and shock 
waves, which readily sterilize microorganisms and decompose molecules and materials. Fig 
1.21 shows a discharge induced in water [87]. 
 
Fig.  1.21 Photograph of a discharge induced in water [87]. 
In addition to the mentioned features of the water discharges, generated ozone due to the 
plasma phenomena can be used in ozone therapy. Medical ozone is used in three principal 
fields including: treatment of circulatory disorders, disease produced by viruses such as liver 
disease (hepatitis) and herpes and healing badly infected topical wounds and inflammatory 
processes including open ulcers on the legs, inflammatory intestinal conditions, burns, scalds 
and infected wounds as well as fungal infections. 
This method is expected to have high efficiency for the treatment and decompose the 
pollutants that cannot be easily decomposed by even ozone oxidation. Pulsed power systems 
not only are more effective, compact and cost effective and reliable but also by using pulsed 
power supplies there is no need to employ chemical approaches for example in 
decontaminating water. For example, pulsed power is employed in cleaning of lake and dam 
algae bloom by discharges in the water. Fig 1.22 shows the effect of using pulsed power in 
algae treatment [27]. Usually algae exist on the surface of the water. As the figure shows after 
applying pulsed power the algae were precipitated to the bottom. 
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Fig.  1.22 Photograph of effect of water discharges in algae treatment [27]. 
However, liquid discharge also has some problems. One is the high breakdown voltage of 
the liquid. Therefore, good insulation is needed inside the pulsed power supply. Secondly, it 
is difficult to make a widespread discharge in water for getting a wide treatment area. Finally, 
as the liquid, especially water, has small resistance therefore generated pulses should have 
either high energy which increases the size of the system, or get connected to the liquid after 
the voltage level has reached to the required amplitude. 
 
1.2.2.2.4.  Gas Discharge  
Gas discharges are selected for sterilization of Escherichia coli and other bacteria for 
decontamination of air. It has been used mostly in treatment of exhaust gases but is has also 
applied for crop growth and water treatment as well. For crop growth, gas discharges were 
used for cultivation of mushrooms [10], and for water treatment gas discharges with droplets 
of water is suggested. But as mentioned its main application is on exhaust gas treatment. 
Recently, non-thermal plasmas have been increasingly used to control harmful gases and to 
generate ozone [13, 15, 19, 24, 33, 34, 36, 37, 39]. 
The environmental pollution caused by the consumption of fossil fuel energy is increased 
rapidly; it became very important to protect the environment and to develop technologies 
with less energy consumption and less pollutant exhaust. One the ways is using non-thermal 
plasma in exhaust gas treatment. Non-thermal plasmas have many kinds of chemically 
activate radicals, such as O, O3, N, N*,  
  and OH, which are generated by the dissociation 
Chapter 1 
 
32 
 
and ionization of the ambient gases caused by the impact of energetic electrons. Using pulsed 
power technology, non-thermal plasmas have been generated by a pulsed electron beam or a 
pulsed streamer discharge, and have been used to treat nitric oxides (NOX), sulfur dioxide 
(SO2), carbon dioxide (CO2) and volatile organic compounds (VOCs), and to generate ozone. 
Particularly, the treatment of exhaust gases (NOX and SO2) using a pulsed streamer discharge 
has been studied for the past decade. 
 
1.2.2.2.5.  Material Processing 
Plasma-based ion implantation and deposition are one of the well-known methods which 
are used for surface treatment of complex shape materials by employing pulsed power 
supplies. This method can now be considered a nature technology for surface modification 
and thin film deposition. In addition to this method pulsed power can be used in other 
applications of material processing, such as surface heating by laser, or microwave 
irradiation, synthesis nano-composite powders, and joining of solid materials [10, 88]. 
 
1.2.2.2.6.  Electromagnetic Field 
Pulsed electromagnetic fields are selected for sterilization or inactivation of bacteria, but 
they have gained more attention for cancer treatment. The electromagnetic field yields 
electroporation of the cell membrane or influences the cell nuclei. Electroporation is usually 
used to sterilize bacteria. This technique is commonly applied for sterilization in food 
processing, such as inactivation of microorganisms naturally contaminated in orange juice 
[97].  
Recently, many researchers have interests in using shorter pulse durations with fast rise 
time. The reason is that the electrical pulses should reach to the cytoplasm without affecting 
the membrane. To make this happen the pulse duration and rise time should be faster than the 
charging time of the membrane. To understand the behaviour of biological cell in dealing 
with electrical pulses, electrical circuit of a cell is considered [30]. Fig 1.23 shows the 
capacitive-resistive model of a biological cell. In addition to rise time, voltage level or the 
pulse amplitude should be sufficiently high in order to affect the intracellular organelles [30]. 
The varied range of applications for pulsed power shows the importance of this technology. 
The study and research on this technology is going with respect to designing more compact 
and reliable system and studying biomedical features of the generated pulse. 
Chapter 1 
 
33 
 
 
(a) 
 
 (b) 
Fig.  1.23 a) Biological cell structure, b) Double-shell model of a biological cell [30]. 
 
1.2.3.  High Frequency High Average Power Converter for 
Ultrasound Applications  
Wide spread research has been conducted on piezoelectric transducer applications since 
1880, the year that Pierre and Jacque Curie discovered the phenomenon of piezoelectricity 
[52, 98]. Piezoelectric transducers convert electric power to acoustic power and vice versa, 
with most of the applications to date being low-power ones. In the last decade, however, 
high-power ultrasound applications have gained significant importance [3, 99-104]. These 
types of applications have great potential in chemical and bio-technology processing, 
specifically for enhancing chemical reaction kinetics and new reaction pathways. Such 
enhancements allow changing the production from batch processing to continuous flow 
processing, thereby reducing investment and operational costs.  
Improvement of ultrasound systems has very significant environmental implications, 
particularly in the area of renewable energy (bio-mass and bio-fuel), waste-water treatment 
and biomedical applications. High-power ultrasound technology is already being used to 
address these areas of need, but to a very limited extent owing to the very inefficient nature of 
the state of the art in energy conversion. 
The big challenge is how to design a power supply which can generate a proper excitation 
signal for the piezoelectric device. The critical behaviour of a piezoelectric device is 
encapsulated in its resonance frequencies because of its maximum transmission performance 
at these frequencies. The resonance frequencies fall within the range of ultrasound which 
means above 20kHz.  
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Recently, the most efficient way to generate power signals to excite the piezoelectric device 
found to be high frequency high power converters. In order to design a suitable excitation 
signal using a power supply, the behaviour of the piezoelectric transducer needs to be 
investigated. Hence, designing stage of a power supply for piezoelectric applications falls 
within two major steps: 
 Analyzing piezoelectric characteristics 
 Design and adapting a high frequency high power supply based on the piezoelectric 
behavior 
 
1.2.3.1.  Piezoelectric Transducer Characteristics  
Large amount of research have been conducted on developing methods to study 
piezoelectric resonator. Among them the most effective way is evaluating its impedance 
frequency response [105-117]. In the impedance methods, changes in the transducer 
impedance due to mechanical resonance are detected. A minimum in the impedance response 
corresponds to a resonant frequency, fr (see Fig 1.24). The impedance frequency response is 
the ratio of the voltage spectrum to the current spectrum. To calculate the piezoelectric 
impedance response, a voltage source needs to be applied to the device as an excitation signal 
and current needs to be measured simultaneously. In order to obtain the response of the 
device for a specific range of frequencies, the excitation signal should cover the entire 
frequency range. 
Piezoelectric devices typically have two kinds of electrical resonances (see Fig 1.24), the 
first known as a resonance and the other one known as anti-resonance [52]. In the last few 
years, varieties of approaches have been introduced for obtaining piezoelectric impedance 
characteristics [105-117]. A knowledge of such impedance characteristics is important for, 
structural health monitoring (SHM) [114, 118] and for electrical circuit modelling [106, 107, 
113, 115] of the piezoelectric devices. In the case of high power applications, knowledge of 
the impedance characteristics is important so that the maximum transmission performance 
can be achieved [5, 115-119]. In the other words, at resonance frequencies, piezoelectric 
elements convert the input electrical energy into mechanical energy most efficiently, and so it 
is necessary to accurately know these frequencies and excite the system appropriately. 
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Fig.  1.24 Resonance and anti-resonance frequencies in piezoelectric impedance frequency response. 
Piezoelectric devices typically have multiple resonance frequencies (as illustrated in Fig 
1.25) but only the major resonance frequency is generally targeted for excitation in practice.  
Structural and environmental changes can affect the transducer elements and cause changes 
in the values of the resonance frequencies [5, 52]. As such changes are occurring, it is 
important to estimate the main resonance frequency if one is to maintain efficient system 
operation (see Fig 1.25 for an illustration). 
To measure piezoelectric transducer impedance, generally a network analyser is used. 
However, due to the fact that the network analyser is expensive, bulky and it can’t operate at 
high power other methods can be employed. In addition to network analyser, these methods 
can be categorized as below: 
 Traditional method: In this method several single frequency sine wave signal 
regarding to the range of frequency interest are applied to the transducer separately. 
The impedance can be estimated after the responses are captured for each single 
frequency. The accuracy of this method depends on the frequency resolution. This 
method is not practical for studying the response of the transducer for wide range of 
frequency as it is labour intensive. 
 The second method is based on exciting the piezoelectric transducer using a broad-
band signal which covers wide range of frequencies. The concept of this method is 
based on the system identification which is well-known in the field of signal 
processing [120, 121]. This method is based on the impulse response estimation and 
can utilize signals such as chirp, white noise, step, and etc [120, 121]. The 
advantage of this method is low computational complexity and high accuracy. 
Chapter 1 
 
36 
 
It is to be noted that for high power transducer it is not possible to study the characteristics 
of the transducer at high power using a network analyser, due to the fact that a network 
analyser operates at low power. To remedy this issue the aforementioned methods should be 
employed.  
 
Fig.  1.25 Depiction of typical resonance frequency variations of piezoelectric devices due to structural changes. 
In addition to impedance frequency response, a good understanding on the electrical 
characteristics of piezoelectric transducer is essential in the design and analysis of sensory 
systems relying on piezoelectricity, such as impedance-based SHM systems [107, 115]. 
Usually, an equivalent circuit model is used to describe the electrical characteristics of the 
piezoelectric materials. Moreover, an equivalent circuit model makes piezoelectric-based 
systems simulation possible.  
The most basic equivalent electrical circuit model characterizing piezoelectric transducer is 
the Van Dyke Model [107] (see Fig 1.26). The Van Dyke Model is a parallel connection of a 
series RLC representing mechanical damping, mass, and elastic compliance and a capacitor 
representing the electrostatic capacitance between the two parallel plates of the PZT 
(Piezoelectric Transducer) patch [122]. 
 
Fig.  1.26 The Van Dyke Model [107]. 
As the Van Dyke model cannot accurately model the piezoelectric behaviour other models 
have been proposed. The Guan Model, which is the most recently proposed, estimates values 
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of the electrical components based on the electrical behaviour of the piezoelectric ceramics 
[107, 115]. The Guan model, as shown in Fig. 1.27, adds a series resistor Rs and a parallel 
resistor Rp to C0 of the Van Dyke Model to account for the energy dissipation. Determination 
of the values of the electric components C0, C1, L1 and R1 relies on visual inspection on the 
magnitude and phase of the impedance, and values of Rs and Rp are decided by the amount of 
energy dissipation [107]. 
 
Fig.  1.27 The Guan model-unloaded piezoelectric [107]. 
When a piezoelectric ceramic is mounted to a mechanical structure, the mechanical 
boundary conditions of the piezoelectric ceramic change [107, 115], and, accordingly, a 
different circuit model is required for a loaded piezoelectric ceramic. Since a loaded 
piezoelectric ceramic experiences multiple resonances, a circuit model for a wide frequency 
range with multiple resonant frequencies can be employed to model the behaviour of a loaded 
piezoelectric ceramic. As shown in Fig 1.28, additional R-C-L branches are added in parallel 
to the R1-C1-L1 branch of the Van Dyke Model [107, 122]. The Guan Model is also extended 
to accommodate a loaded piezoelectric ceramic based on the extended Van Dyke Model, as 
shown in Fig. 1.29. Each series RLC branch physically stands for a mechanical resonant 
mode (as shown in Fig 1.25). 
 
Fig.  1.28 The extended Van Dyke model-loaded piezoelectric [107]. 
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Fig.  1.29 The complete Guan model-loaded piezoelectric [107]. 
Estimating an accurate model representing the piezoelectric transducer behaviour such as 
linear and nonlinear characteristics and a systematic procedure to find an equivalent electrical 
circuit model is an undergoing research due to the varied behaviour of the piezoelectric 
device under different situation. 
 
1.2.3.2.  Power Electronics  Topologies for High Power Ultrasound 
Systems 
As mentioned above, the critical behaviour of a piezoelectric device is encapsulated in its 
resonance frequencies because of its maximum transmission performance at these frequencies 
[52, 98, 114, 116, 119]. Hence, ideal scenario is to have a sinusoidal excitation signal at the 
resonant frequency. But at high power and high voltage, which is the focus area of this paper, 
generating pure sinusoidal signals is not possible.  
The most efficient way to generate power signals is to use power electronics inverter 
topologies. Specifically, switch mode inverters are used for piezoelectric high power 
applications due to their high power density, efficiency, low cost and size compared to 
conventional linear power supplies [5, 102, 123]. However, the harmonics present in the 
output waveform produce undesired side bands which are not suitable in many applications. 
Moreover, they also cause unnecessary power dissipation which reduces the efficiency of the 
power converter [124, 125]. 
In the last decade several power electronics topologies have been introduced for high power 
piezoelectric applications. To overcome the harmonic issue, generally either a filtering circuit 
or a harmonic elimination technique is employed [125]. Here the most important topologies 
recently introduced are briefly described. 
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Two Level Inverters  
Generally, with this type of inverters a resonant converter is employed. Resonant converter, 
normally, is based on a typical power electronics topology and a resonant stage formed by 
applying filter component and the piezoelectric transducer itself (as it has RLC 
characteristics). 
The first stage can be based on flyback, full-bridge, half-bridge, and etc. Fig 1.30 depicted a 
flyback based resonant inverter. The flyback converter is supplied with a full-bridge rectifier. 
This stage in addition to providing smoothed dc-link voltage performs a PFC (Power Factor 
Correction) function by shaping the input current to be sinusoidal and in phase with the ac 
input voltage [126]. The second stage is a high frequency resonant inverter. 
Another alternative is depicted in Fig 1.31 using a full-bridge (H-bridge) inverter combined 
with a resonant stage [5]. As can be seen different resonant configurations can be used which 
totally depends on the piezoelectric transducer and the range of the operating frequency. 
 
 
 
Fig.  1.30 Two-stage resonant inverter based on flyback topology [126]. 
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Fig.  1.31 Two-stage resonant inverter based on H-bridge topology [5]. 
 
Multilevel Inverter  
Employing multilevel inverters is a well-known method in order to increase the generated 
signal quality and reduce number of the harmonics close to the fundamental frequency. 
Moreover, for ultrasound applications which operate at high fundamental frequency power 
converters based on a PWM (Pulse Width Modulation) strategy with high switching 
frequency index (fs/fo) cannot be a practical solution. In such applications, the maximum 
possible fundamental frequency of a converter is restricted by the switching transients of each 
power switching event and the number of switching events per cycle.  
In this regard, to reduce the number of switching transients and eliminate the undesired 
harmonics, the most effective way is to use multilevel inverters [127-130]. Through these 
inverters, it is possible to produce quasi-sine waves with low total harmonic distortion at high 
power. Multi-level inverters can increase the quality and efficiency of the high voltage supply 
compared to the conventional 2-level inverters. This permits the semiconductor devices to 
operate at lower switching frequencies with higher efficiency as well as lower voltage stress 
across switches and loads which minimize electromagnetic and ultrasound noise emissions. 
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Fig 1.32 depicts typical voltage waveforms and their harmonic spectra. It can be seen that the 
harmonics are depressed for multilevel inverters such that they can be easily filtered out from 
the frequency range of interest. 
 
 
 
 
Fig.  1.32 Effect of using multi-level waveform in harmonic elimination. 
Fig 1.33 illustrated one of the multilevel methods introduced for high power piezoelectric 
excitation. The employed output filter is resonant LLCC type, which can reduce the total 
harmonic distortion (THD). By combining a PWM controlled inverter and resonant filter, the 
generated voltage can be varied in a suitable range of frequency. The inverter topology is a 
hybrid three-level PWM inverter based on diode clamped topology [102]. Fig 1.34 shows a 
typical generated output voltage and current and the output voltage across the piezoelectric. 
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Fig.  1.33 Three-level PWM inverter combined with LLCC-filter for driving high power piezoelectric transducer 
[102]. 
 
 
Fig.  1.34 Typical output voltage and current of employed hybrid three-level inverter when applying to a 
piezoelectric transducer [102]. 
As can be seen even by using a multilevel topology filtering is still employed. However, as 
the advantage of multilevel inverter is to push the high frequency contents far away, when 
using filters for attenuating the remaining harmonics the filter cost and size decreases [127, 
130].  
Although several improvements have been achieved in this area, but increasing the number 
of the voltage levels with low circuit complexity, adapting with resonance frequency 
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variations, and employing effective harmonic elimination techniques are still under 
investigation.  
 
1.2.3.3.  High Power Piezoelectric Transducer Applications  
To show the importance of high power piezoelectric transducer, in this section a brief review 
on high power piezoelectric applications is provided. Applications  of  high-intensity  
ultrasonics  are those  wherein  the  ultrasonic  energy is used for producing some permanent 
physical change in  the  treated  medium [3].  These  effects can be  attributed  to  various 
mechanisms,  the  most  important  of  which  are:  radiation pressure,   heat, streaming, 
cavitations, agitation, interface instabilities  and  friction mechanical  rupture. These  
mechanisms  are  involved in  a wide range  of applications, such  as machining, welding, 
metal forming, powder  densification,  etc,  in  solids; cleaning, particle agglomeration and 
flocculation,  liquid  atomization, drying  and  dewatering, degassing, etc., in fluids [3]. For 
instance Fig 1.35 shows the application of high power ultrasonic atomizer in manufacturing 
polymer powder [5].  
Recently, high power piezoelectric applications have gained interests due to new 
improvements in high power supplies. High-power piezoelectric devices, such as ultrasonic 
motors and piezoelectric transformers, are being intensively investigated [3, 99-104, 131]. 
Because piezoelectric devices often have significant advantages over conventional 
electromagnetic devices at smaller sizes, miniaturization of piezoelectric devices is attractive. 
Multilayer structures offer better generative force, electromechanical coupling, and energy 
density properties than other configurations such as bimorph [103, 132, 133] and moonie 
structures [103, 134]; thus they are promising designs for compact devices [103, 135]. 
Applications including ultrasonic motor, transformers and medical ultrasonic, such as 
acoustic radiation force impulse (ARFI) imaging and ultrasound-guided HIFU (High 
Intensity Focused Ultrasound) therapy are now shifting to commercialization stage. Although 
great improvements have been achieved in this area, but high power applications are still 
limited. This limitation causes by restrictions on excitation signal (power level and quality) 
and internal power dissipation which is related to the piezoelectric material. 
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Fig.  1.35 Basis of the ultrasonic atomizer [5]. 
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1.3. Account of Research Progress Linking the Research Papers  
 
1.3.1.  Introduction 
This research commenced with studying high instantaneous power supplies, generally known 
as pulsed power. Varieties of previous introduced methods, which mainly include non-solid 
state techniques, were investigated in order to understand their advantages and drawbacks. 
Meanwhile, high average power supplies with specific intention on high power piezoelectric 
device applications were also investigated. In both categories, the main aim was to employ 
and adapt power electronics techniques to increase the system performance, compactness, 
simplification, and flexibility based on the application characteristics.  
The preliminary literature review emphasised on trends for utilizing power electronics 
techniques and topologies in high frequency high power supplies. Hence, studying and 
reviewing converters and topologies capable of providing high power at high frequency was 
considered as the initial step. Following that, to design a suitable power supply, load and 
application requirements and their electrical characteristics were investigated.  
Simulation and practical implementation of varied power converters and exciting different 
loads at varied operating points were conducted after the literature review stage. Dealing with 
practical issues such as noise, EMI (Electro Magnetic Interference), high voltage insulation, 
transformer saturation, spikes across the IGBTs, DSC (Digital Signal Controller) 
programming and etc, caused vast studying in addition to the main objectives.  
 
1.3.2.  Pulsed Power Systems 
This research started with an extensive study on non-solid state topologies, such as Marx 
generators (MG) [18, 44, 45], pulse forming network (PFN) [18, 45, 46], magnetic pulse 
compressors (MPC) [18, 45, 47, 48] and multistage Blumlein lines (MBL) [18, 45], with 
respect to their advantages and drawbacks. These techniques possess a very high electric 
strength and fast rise time. But they are bulky, unreliable, have short life time span, low 
repetition rate, and etc. On the other hand, solid-state techniques are compact, reliable, cost 
effective, and have a long lifetime and repetition rate.  As the power electronics techniques 
are solid-state based, applying power electronics techniques found to be suitable way to 
remedy aforementioned issues existing with the non-solid state power supplies.   
Recently, significant advances in solid-state switches (both in peak power and operation 
speed) and exploiting power electronics techniques and topologies have led to compact and 
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more reliable pulsed power systems. However, power electronics techniques still show two 
main disadvantages of limited power ratings and limited operating speed comparing with the 
non-solid state ones. Hence, the major concern was to improve these two important limits. 
Moreover, as the power supply is designed based on the load requirements, the load and 
application specifications needed to be taking into account along with the two 
aforementioned drawbacks.  
Regarding to the mentioned issues, the main objectives of studying, designing and practical 
implementation of new alternative topologies and configurations of pulsed power supplies 
were as followings:  
1- Limited power ratings of the solid-state switches 
2- Limited operating speed 
3- Load/application characteristics 
 
 
1.3.2.1.  Benefiting from Parallel  and Series Configurations of Flyback 
Converter for Pulsed Power Applications 
Interest in applying power electronics topologies and techniques to increase pulsed power 
supply flexibility and reliability is growing fast. In the last decade, research and studies 
designate the advantage of using power converters in pulsed power applications [10, 136, 
137]. However, generation of extra high voltages is still problematic due to components hold-
on voltage limits (such as capacitors, solid-state switches and etc). 
One solution is to combine pulsed power supplies. Variety of converter configurations have 
been introduced for improving the power supply specifications such as output ripple, high 
input voltage, output power ratings, etc. Parallel and series connections are one of the well 
known combinations. Designing power supplies based on series or parallel connection are 
widely employed for different applications. 
Therefore, the main contribution of this part was to benefit from parallel and series 
connections of flyback converter modules to develop power rating and rise time of the pulsed 
power supply using conventional low voltage switches. 
The proposed approach utilizes flyback converter (see Fig 1.36) as it is simple, has only one 
switch and magnetic component, is able to generate high voltage, can provide multiple 
outputs, isolation, etc [82, 138]. But when it comes to pulsed power applications, in addition 
to the above-mentioned features it shows more advantages as follows: 
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 The transformer, in addition to electrical isolation and energy storage also steps down the 
reflected voltage across the switch; therefore lower voltage rate switches are needed 
unlike other topologies.  
 Fault tolerant, as the switch is in the off-state during the output pulse.  
 High voltage output with low input DC voltage.  
 As the pulsed power applications mostly have R-C characteristic, a current source 
topology (such as flyback) is a suitable candidate.  
 Suitable for controlling the energy flow as it acts as both current source and voltage 
source.  
Lm
Vs
C0 Load
1 : n
Ll
Vo
+
-
 
Fig.  1.36 Flyback converter circuit with transformer equivalent circuit model. 
 
1.3.2.1.1.  Proposed Method 
The proposed method which employs the advantage of parallel and series configuration of 
the flyback converter as the pulsed power supply to increase the voltage level and the rise-
time is shown in Fig 1.37. As depicted the parallel and series connections are only considered 
for the secondary side, while the primary side of both configurations are connected in 
parallel. 
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 (b) 
Fig.  1.37 Flyback converter series and parallel connection (secondary side), a) Parallel, b) Series. 
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Fig.  1.38 Energy transmission in a single module flyback converter. 
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To understand and compare the parallel and series configurations, first a single module 
characteristic is described. Regarding to the fact that a flyback converter can operate as a 
current source, circuit schematic shown in Fig 1.36 is simplified as in Fig 1.38. Comparing 
these two figures, the estimation of the output voltage can be summarized as below: 
First, the magnetizing inductance is charged by the DC power supply. This mode lasts 
depending on the duty cycle of the PWM (Pulse Width Modulation) signal. The relationship 
between Lm and Vs can be expressed as: 
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where Vs is the dc supply voltage, Im is the maximum current, D is the duty cycle and Ts is 
the switching period. The charged energy stored in the inductor Lm under ideal situation can 
be expressed as: 
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Regarding (1-5) and (1-6) it is possible to control the energy flow in each pulse by limiting 
the Im which can be done by varying the duty cycle or the input voltage. This stored energy 
will be transferred to the output capacitor when the switch is in the off-state. The capacitive 
stored energy is: 
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If a lossless system considered, then the stored energy in the primary side, Epri, is equal to 
the stored energy in the secondary side, Esec. Therefore, the output voltage can be derived 
based on equations (1-6) and (1-7) as: 
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The rate of rise for the generated voltage is defined as dv/dt. When the switch is turned off, 
the magnetizing inductance current is at its peak value (Im). Since the current through a 
capacitor is proportional to the time-rate of the stored voltage, the rate of rise is: 
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(1-9) 
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This equation is valid till the current through the capacitor is approximately constant; 
otherwise the rate of rise completely depends on the resonant frequency.  
The idea of parallel and series configurations of the pulsed power modules is inspired by 
both equations (1-8) and (1-9), as these equations show the effect of stored current level, 
magnetising inductance and the output capacitor on the generated output voltage and the rise-
time.  
Considering Fig 1.37(a) and the fact that each transformer acts as a current source, the 
stored energy in the primary side is doubled when two modules are connected in parallel. 
This stored energy will be transferred to the output capacitors; hence considering (1-6) and 
(1-7) the output voltage magnitude and its rate of rise are as follows: 
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where Cop=Co1+Co2. Equations (1-10) and (1-11) indicate the importance of the output 
capacitor. Even if the modules are paralleled, the output capacitance can affect the output 
voltage level and rise-time and can keep the performance same as a single module. Therefore, 
the parallel configuration is beneficial in pulsed power applications when Cop=Co. This 
happens in the case of R-C load when the load capacitance is much bigger than the power 
supply output capacitance. 
Second alternative is series connection of the pulsed power modules, as illustrated in Fig 
1.37(b). Here, the injected energy to the output is also doubled. But as described, the 
generated voltage features also depend on the output capacitance. Taking into account the 
equations (1-6) to (1-9), the output voltage magnitude and its rate of rise can be expressed as: 
os
m
mSerieso C
L
IV 2
 
(1-12) 
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o
Series C
I
dt
dv






 
(1-13) 
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where Cos is 
o2o1
o2o1
CC
CC

. In series modules, same as in parallel modules, the output voltage 
level and rise time improve as the output capacitance decreases. Here the series modules are 
beneficial in both level of voltage and its rate of rise when Cos<Co.  
In pulsed power applications two different cases may occur. One is when the load 
capacitance is lower than the output capacitance of the pulsed power supply. In this situation 
series modules exhibit better performance as illustrated in Table 1.4. The second case is when 
the load has much higher capacitance, therefore all series, parallel and single modules have 
same output capacitance. Under this circumstance the parallel connection has better 
performance (see Table 1.5). 
Hence, depending on the load capacitance one of the modules is beneficial to use. 
Regarding the voltage level and rate of rise as presented in Table 1.4 and 1.5, it is possible to 
generate wide range of voltage levels and improve dv/dt by connecting N modules in series or 
parallel. This feature increases the flexibility of the pulsed power supply in varied 
applications. 
Table  1.4 Output voltage and rate of rise when Co1=Co2=… CoN=Co. 
N Modules connected in o
V  
dt
dv  
Parallel 
Singleo
o
m
m V
C
L
I   
Singleo
o
dt
dv
C
I






  
Series 
Singleo
o
m
m NV
C
L
NI   
Singleo
o
dt
dv
N
C
I
N 





  
 
Table  1.5 Output voltage and rate of rise when Cop=Cos=Co. 
N Modules 
connected in 
o
V  
dt
dv
 
Parallel Singleo
o
m
m VN
C
L
IN   
Singleo
o
dt
dv
N
C
I
N 





  
Series 
Singleo
o
m
m VN
C
L
IN   
Singleo
o
dt
dv
C
I






  
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In addition, regarding (1-5) and the calculated output voltages in Table 1.4 and 1.5, the 
output voltage can be easily adjusted for the required level whether by Vin or D. For example 
(1-14) shows the output voltage of series module based on the results presented in Table 1.5 
as:  
            .TD
CL
V
NV
om
in
o 
 
(1-14) 
Usually this adjustment is performed by limiting the current by selecting suitable duty cycle 
(D). But Im should be calculated in a way that Im<Isat, where Isat is the current saturation level 
of the transformer. 
As Fig 1.37(b) shows, in the series connection each switch withstands its own module 
reflected output voltage, while in the parallel connection; each switch should tolerate the 
whole reflected output voltage. This fact makes the series connected modules more 
appropriate for generating high voltage waveforms using low voltage switches. Therefore, the 
reflected voltage across the switch for N-series module can be rewritten as below: 
maxmax
1
)( osswitch v
Nn
Vv   (1-15) 
By comparing Fig 1.37(a) and 1.37(b) it is obvious that the idea of parallel and series 
connections of the flyback modules is applied to the secondary side, while the primary sides 
for both cases are paralleled. The main advantage of paralleling the primary side of the pulsed 
power modules are: current sharing so the proposed idea is applicable for high power 
applications, reducing the number of the power supplies to one at the input side and ability to 
employ low current rating switches. 
 
1.3.2.1.2.  Operating Conditions  
The above mentioned calculations are correct if three important points are considered in the 
designing procedure of the pulsed power modules. These are: 
1) The output capacitor should be completely discharged during each period; otherwise 
the whole stored energy in the magnetising inductor will not transfer to the capacitor. 
2) Synchronization of each switch gate signal is required. Delays between each module 
gate signal reduce the performance of the system. This is important when higher 
number of modules is used.  
3) The damping factor (ζ): 
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As shown in Fig 1.38, the entire circuit acts as a parallel RLC circuit (the current source is 
an inductor). Hence, the output voltage and the rise time are the results of the resonance 
effect of this circuit. The output voltage can be expressed as: 
tsts
o eAeAtV
21
21)(   (1-16) 
where s1 and s2 are given as: 
2
0
2
2,1  S  
(1-17) 
here, 
RC2
1
  is known as neper frequency and 
LC
1
0  is the resonance frequency.  
0)0( t
o
V and oItCI 

 )0(  are the primary conditions. I0 is the stored current in the 
magnetizing inductor (Im=nIo) transferred to the secondary side. The coefficients A1 and A2 
are determined by the primary conditions as: 
0
2
0
2
2
0
21
2
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
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

 
(1-18) 
Now depending on the damping factor coefficient can have two different values: 
Underdamped ζ <1 or  α <w0 ,  
C
L
R2
1
  
C
LI
A
2
0
1 
 
 
(1-19) 
 
Overdamped ζ >1 or  α >w0  
01 RIA   
(1-20) 
Equation (1-19) shows that if the circuit is underdamped, the generated voltage amplitude is 
independent of the load impedance, which is the situation in which the proposed method is 
valid. But under overdamped condition as in (1-20), the output voltage amplitude depends on 
the load impedance and the initial current. Hence, in overdamped condition, the parallel 
connection has better performance. 
In Fig 1.39, the effect of damping factor on the output voltage and rise time is illustrated. A 
decreasing damping factor results in a higher voltage level and faster rise time. 
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Fig.  1.39 Effect of damping ratio on output voltage and rate of rise in a single flyback module. 
Considering the above mentioned features, this effect should be considered especially in 
low impedance applications such as the liquid discharge. Therefore, regarding the mentioned 
characteristics, the proposed method is more beneficial for high impedance-capacitive load 
such as DBD (Dielectric Barrier Discharge) loads. 
 
1.3.2.1.3.  Simulation Results  
To verify the proposed method and the theoretical analysis, simulations under different 
conditions were carried out. Here the performance of parallel and series flyback configurations 
(Fig 1.37) is compared with a single flyback converter (Fig. 1.36). The software that was used 
for simulation was Matlab 7.10. Table 1.6 shows the parameters value used in simulation 
corresponding to Fig 1.36. In order to make the simulation results more close to reality, the 
transformer core and copper losses (Rc and Rw) are also considered.  
To evaluate the proposed method in developing the features of a single module pulsed 
power supply, four distinct cases are considered. Case 1 and 2 have been conducted regarding 
the conditions presented in Table 1.4 and 1.5, respectively. In these cases, to simulate a plasma 
phenomenon, the load gets connected to the output after the output voltage reaches to a certain 
voltage level (threshold) [137]. The different parameters in each case are indicated in Table 
1.7. 
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Table  1.6 Simulation Parameters 
Vs 
(v) 
Fs 
(kHz) 
D 
(%) 
Lm 
(µH) 
Llp 
(µH) 
Lls 
(mH) 
Rc 
(kΩ) 
Rw1,2 
(Ω) 
n 
10 1 8.9 160 2  4  1  0.1 10 
 
Table  1.7 Simulation Parameters in Case 1 and 2 
Parameters Value Case1 Case2 
Single Parallel Series Single Parallel Series 
Threshold 1000v 1000v 1978v 1000v 1410v 1410v 
Co 4nF 8nF 2nF 4nF 4nF 4nF 
Co1=Co2  4nF 4nF  2nF 8nF 
 
Case1 
In this case the performance of parallel and series connections of two identical power 
supplies is compared with the single one. Therefore, in this case the output capacitor of each 
module is equal (see Table 1.7). Fig 1.40 shows the obtained output voltage waveform. As can 
be seen in the series connection, both voltage level and rate of rise are increased with the 
factor of N, (N=2 is considered here). 
Case2 
If the load capacitance, which is paralleled with the power supply output, is much bigger 
than the power supply output capacitance, then the entire single, parallel and series modules 
will have the same equivalent output capacitance.  In this case the output capacitance of all 
modules is considered to be equal to 4nF (see Table 1.7). As depicted in Fig. 1.41, both 
parallel and series modules have same voltage level but the parallel connection shows better 
performance in the case of dv/dt. 
 
Fig.  1.40 Output voltage waveform of single, parallel and series modules in Case1 (Co1=Co2=Co). 
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Case3 
In the case of time delay between gate drives, here the same situation as Case 2 is selected 
but 0.2ms delay is considered between gate signals. Fig 1.42 shows the generated output 
voltage for parallel and series modules. As can be seen the output amplitude never reached to 
the threshold value. Therefore the load is not connected, so the capacitors are not completely 
discharged. This creates another problem since the entire energy in the magnetizing inductor is 
not fully transferred to the capacitor and the mentioned equations for estimating the output 
voltage are not valid. 
Case4 
To consider the effect of low impedance load such as liquid discharge applications, in this 
case series and parallel modules are considered, same as in Case 1, but RL=100Ω is directly 
connected to the output of the modules. In such situations damping factor plays important role 
in system performance. The selected resistive load puts all three power supplies in the 
overdamped condition. As Fig 1.43 illustrates the parallel modules show better performance, 
while series module had far better performance in Case1 when the system was underdamped. 
The easiest way to overcome this problem, considering ζ in (1-19), is increasing the output 
capacitance. 
 
Fig.  1.41 Output voltage waveform of single, parallel and series modules in Case2 (Cop=Cos=Co). 
 
 
Fig.  1.42 Output voltage waveform of single, parallel and series modules with 0.2ms delay between modules gate 
signals. 
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Fig.  1.43 The effect of the load and the damping factor on the system performance. 
 
Experimentation 
Two laboratory prototypes for parallel and series connections, based on single module 
flyback converter are implemented, to investigate performance of the proposed method 
practically. Fig 1.44 shows the experimental hardware setup for two flyback modules. 
Here 600V IGBT modules, SK25GB065, are used as power switches. Semikron Skyper 32-
pro gate drive modules are utilized to drive the IGBTs and provide the necessary isolation 
between the switching-signal ground and the power ground. Four 1000 V diodes, STTH3010, 
are connected in series for each module. A Texas Instrument TMSF28335 DSC (Digital 
Signal Controller) is used for PWM signal generation. Two step-up transformer with an 
UU100 core 3C90 grade material ferrite from Ferroxcube, are designed with N1 = 4 and N2 = 
40. Magnetizing inductance and leakage inductance of each transformer is approximately 
equal to 152µH and 1.6µH, respectively. Here a 5nF capacitor is placed across the switch to 
damp the voltage spikes caused by leakage inductance. The circuit is implemented with Vs = 
17V, fs = 1 kHz, 15% duty cycle and resistive load of 20kΩ.  
Fig 1.45 depicted the measured results. Fig 1.45(a) shows the current sharing at the primary 
sides. Due to parallel connection of the primary sides, in both parallel and series 
configurations, the current is approximately equally shared between the two modules. As 
mentioned before, parallel connection at the primary sides makes the proposed method 
independent from using high current rate switches. 
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The voltage pulses, in Fig 1.45(b), illustrate the better performance of series connection 
over the other connections in both voltage level and rate of rise. In series modules the 
maximum voltage level and rate of rise are 4.02 kV and 608 V/µs, respectively. While the 
parallel and single modules achieved approximately same level of the voltage (2.37 kV) and 
rate of rise (304 V/µs). As can be seen, the series modules performance is around 1.7 and 2 
times better than the other modules in voltage level and rate of rise, respectively. From the 
aforementioned theoretical analysis the performance of the series modules in voltage level 
expected to be 2 times better, this difference is due to the resonance and dissipation 
happening in the practical circuit. As the rate of charging is in terms of a time constant RC; 
hence, as illustrated in the figure, series connection discharging time is shorter than the 
parallel and single modules. 
 
 
Fig.  1.44 Hardware setup for two flyback modules. 
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Module1 primary current 
 
Module2 primary current 
 
(a) 
 
 (b) 
Fig.  1.45 (a) current sharing at the primary side for both parallel and series connections, (b) output voltage 
waveform of single, parallel and series modules in Case1 (Co1=Co2=Co). 
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In this research the advantages of parallel and series configuration of flyback converters for 
pulsed power applications are demonstrated. The proposed method aims at increasing the 
voltage level and rise time of the generated pulses. Regarding to the above mentioned 
evaluations by employing parallel and series connections it is possible to generate wide range 
of voltage levels with improved rate of rise. 
The extended analysis of the proposed method is presented in Chapter 2 and 3. The basic of 
this work along with the simulation results were published and presented as a conference 
paper entitled “Parallel and Series Configurations of Flyback Converter for Pulsed Power 
Applications” at The 7th IEEE Conference on Industrial Electronics and Applications in July 
2012 in Singapore [139]. The hardware implementation and experimental results are 
presented as a part of a journal paper entitled “High Voltage Modular Power Supply Using 
Parallel and Series Configurations of Flyback Converter for Pulsed Power Applications” 
published in IEEE Transaction on Plasma Science Journal, Oct 2012 [140].  
 
1.3.2.2.  Flexible and modular pulsed power supply  
Pulsed power applications present one of the most varied ranges of loads in terms of load 
behaviour and impedance. Hence, various load conditions adversely affect the power supply 
flexibility. Regarding this, it is desirable to have flexible pulsed power supply that can cover 
varied range of applications. This flexibility comes in terms of: adjustable output voltage, 
controlling the flow of energy and repetition rate. Moreover, the generated voltage pulse 
waveform must be load independent [53]. This is quite important especially in the low 
impedance applications such as in water discharge. 
 
1.3.2.2.1.  High voltage modular f lyback topology  
Considering the above study, combining the power converters found to be an efficient way to 
improve the performance of pulsed power system based on generated voltage level and rate 
of rise. Therefore, combining more than two power supplies sounds to be a good solution to 
not only overcomes the power rating and operating speed problems but also increase the 
system flexibility in generating different voltage levels. Moreover, due to modularity concept 
easy diagnostics and ability to employ low voltage components are the other advantages.  
Hence, as the first step to show the benefit of employing modular power supplies and 
regarding the aforementioned advantages, series configuration is applied for 10 flyback 
modules. Fig 1.46 illustrated the block diagram of the implemented hardware setup. To 
decrease the number of switches, depending on the switch power ratings, a set of modules 
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(here 5) is controlled with one switch. The transferred energy to the load can be controlled by 
monitoring the primary stored energy. This is done through limiting the input current by 
changing the duty cycle of the PWM signal in (1-5). As Fig 1.46 shows, a current sensor is 
used for monitoring the input current. The experimental hardware setup for 10 series flyback 
modules is depicted in Fig 1.47. Here 1700V IGBT modules (SKM200GB176D) are used as 
power switches. Same gate drive modules and controller setup are used for this experiment as 
the former one. Also same configurations for the transformers are used except here the 
number of the cores per transformer is reduced to one. A HX10-NP is used as the current 
transducer (CT).  
Regarding the selected components each module is able to generate up to 4kV, which 
makes the whole system capable of generating up to 40kV. The circuit is implemented with 
fs=1kHz and VS=10V and 10% duty cycle. Each module has a 470pF capacitor (CO) and a 
1MΩ high power resistor was connected as a load.  
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Fig.  1.46 Block diagram of the implemented setup. 
 
Chapter 1 
 
62 
 
 
Fig.  1.47 Hardware setup for 10-series flyback modules. 
 
 
Fig.  1.48 Measured output voltage of 10 series modules (VLoad) and a single module (Vo1). 
Fig 1.48 shows the measured practical results when the generated voltage is applied to a 
resistive load. As can be seen from Fig 1.48 the voltage pulse of the series modules obtained 
the peak amplitude of 20.8kV, while the single module has the peak voltage of 2.15kV. The 
measured output voltage shows the rate of voltage rise of 8kV/µs in the series connection. 
The peak voltage level and rate of voltage rise indicate approximately the 10 times (number 
of series modules) better performance in comparison with a single module.  
The proposed methods depicted advantage of generating high level of the voltages with 
improved rise time, however, it is suitable for high impedance capacitive loads (such as DBD 
loads) that means the load impedance can affect the system performance. 
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Further analyses are presented in Chapter 3. The proposed method was published as a part 
of a journal paper entitled “High Voltage Modular Power Supply Using Parallel and Series 
Configurations of Flyback Converter for Pulsed Power Applications” published in IEEE 
Transaction on Plasma Science Journal, Oct 2012 [140]. 
 
1.3.2.2.2.  Modular switch-capacitor units  
To design a flexible pulsed power supply which can be independent of load impedance but 
still based on the modularity concept, here an efficient scheme that utilizes modular switch-
capacitor units in obtaining high voltage levels with fast rise time (dv/dt) using low voltage 
solid-state switches is proposed. The proposed pulsed power supply has flexibility in terms of 
controlling input energy and generating broad range of voltage levels. The energy flow can 
be controlled by adjusting the utilized current source at the first stage of the system and 
desirable voltage level can be obtained by connecting adequate number of switched-capacitor 
units. The proposed topology is able to operate independently from the load while preserving 
high repetition rate. Moreover, the control algorithm is designed in a way that it can prevent 
from any possible faults and protect the system from the over-voltage. 
 
Topology 
Fig 1.49 illustrates the proposed method with a brief controlling algorithm scheme. 
Generally, as can be seen the proposed topology consists of three different stages. The first 
stage is a positive buck-boost converter as a current source and the energy storage section. 
The next stage is the switch-capacitor units, which generates the required voltage level and 
acts as a pulse generator, and the last stage is the load. 
In order to have a flexible pulsed power supply, here the positive buck-boost converter 
control the amount of stored energy by employing appropriate duty cycle for Si and SV. The 
desirable voltage level can be obtained by connecting adequate number of switch-capacitor 
units in series. This feature also makes the system capable of taking the advantage of 
employing low voltage switches, as lower voltage rating switches have intrinsically better 
behaviour [141].  
In addition to the common aforementioned three sections, this topology utilizes a load 
switch for low impedance applications such as water decontamination in which it disconnects 
the load from the pulsed power supply before the required voltage level is obtained. This 
makes this topology load independent, because the switch-capacitor units are not connected 
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to the load while they are charging. In order to preserve a same break down voltage for the 
load switch as the other switches, the switching signals need to be controlled precisely. 
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Fig.  1.49 Proposed pulsed power topology for n level switch-capacitor units. 
 
Control Strategy  
The output current of the positive buck-boost converter need to be adjusted on a suitable 
level. A hysteresis control is used for stabilizing this parameter. This control technique is 
selected due to its simplicity, robust performance and stability [129, 142]. To charge switch-
capacitor units equally, the output voltage needs to be adjusted on an appropriate level. This 
can be done same as the current control by utilizing the hysteresis method. 
The charging process is synchronized with a PWM signal, which also determines the 
repetition rate of the pulsed power supply. Here the procedure is explained for two switched-
capacitor units (Fig 1.50) which can be extended to n units. The procedure is controlled by 
Sn1 and Sn2, which n is the capacitor unit number.  
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 When the PWM signal is high, the charging process begins with the first switch-capacitor 
unit. At this mode (Fig 1.50a), S22 turns on and the stored energy form the current source 
starts charging the capacitor of the first unit via anti-parallel body diode of S11. When the 
capacitor voltage reaches to the required level the second mode (Fig 1.50b) starts by turning 
S12 on and S22 off.   
When the last unit charged up (here the second unit), SL and SV should be turned on prior to 
applying all units voltages to the load (turning on the high-side switches). The reason is to 
protect these switches from over voltage, as each switch blocking voltage is considered to be 
equal to one capacitor unit voltage. As can be seen from Fig 1.50c in the third mode the load 
is connected to the last unit and the current source is disconnected as SV is in the on-state. 
Depending on the load impedance and its time constant       in the worst scenario case a 
low impedance load may fully discharge the last unit.  
After SL and SV turned on, the forth mode occurred by turning on the high side switches of 
the capacitor units. At this moment, as Fig 1.50d depicted, all of the capacitors connected in 
series and a high voltage is applied to the load. Due to the last unit discharging in the 
previous mode in the worst case the output voltage is: 
Cout VnV )1( 
 
(1-21) 
where n is the number of switched-capacitor units and VC is the voltage of each unit. 
Regarding (1-21) the voltage drop issue can be solved by increasing the number of the units. 
Finally, when the PWM signal is low all of the high-side and low-side switches turn off and 
on, respectively and the voltage across the load drops to zero (Fig 1.50e). 
Regarding the mentioned charging and supplying the load process two different control 
algorithms can be employed. The main difference between these two algorithms is the way 
that the voltage feedback is provided. 
One possible way to control the whole process is to provide individual voltage feedback 
from each unit. Hence, the charging process of each unit can be started by monitoring the 
previous stage charging level (Vch). Finally, when the unit’s capacitors charged to the 
required level (VR) then it can be applied to the load.  Fig 1.51a illustrated the algorithm 
flowchart. The advantage of this algorithm is the ability of preventing from any possible 
faults and indicating the failed unit as each unit’s voltage is measured. But the main 
drawback is having multiple voltage feedback which increases the hardware implementation 
complexity. 
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The second potential way for the control algorithm is based on the measured voltage across 
the output. This simplicity is the main advantage of this algorithm comparing with the 
previous one, as it only employs one voltage feedback. Fig 1.51b shows the second algorithm 
flowchart. As can be seen after charging each unit’s capacitor, low-side switches should turn 
on in order to short circuit the output. Hence, at each charging stage the measured output 
voltage corresponds to only one unit. By short circuiting the output after each charging stage 
and using a flag (h in Fig 1.51b) it is possible to control the charging and supplying the load 
process. The main advantages of the second algorithm are the ability to prevent from any 
fault (as the output voltage is measured) and convenient practical implementation. 
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Fig.  1.50 The charging and supplying the load operating modes. 
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Fig.  1.51 Charging and supplying the load control algorithm flowchart, a) based on individual voltage feedback of each 
unit and b) based only one voltage feedback. 
 
Simulation Results and Analysis  
In this section the proposed topology with three switched-capacitor units (n=3 in Fig 1.49) 
is simulated in order to verify the performance of the proposed method. The software that 
was used for simulation was MATLAB 7.10. Table 1.8 shows the parameters value used in 
simulation corresponding to Fig 1.49. The upper and lower bands for adjusting the current are 
selected as 20.5A and 19.5A, respectively. The charging level is selected as 1000V, and to 
control the voltage of each unit on 1000V the bands are selected with 2V variations and fS is 
the frequency of the synchronizing PWM signal. The delay time as mentioned in Fig. 1.51 is 
selected as 1µs. 
Table  1.8 Simulation Parameters 
VS L C1,2,3 D fS iL VC1,2,3 
100V 1mH 10nF %0.5 1kHz 20A 1000V 
 
The effects of different loads impedance on the generated output voltage are depicted in Fig 
1.52. For high impedance loads the considered delay for turning on the SL and SV doesn’t 
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affect the output voltage level, but as the load impedance decreases the voltage drop across 
the output voltage increases. This is due to the last unit capacitor discharging based on 
the     . For the low impedance applications this issue can be solved by increasing the 
number of the switched-capacitor units. 
 
Fig.  1.52 The effect of the load impedance on the generated output voltage. 
 
The switching signals for the charging process and the generated output voltage are 
demonstrated for 1kΩ load in Fig 1.53. As depicted during the charging process all of the 
high-side switches are in the off-state. As can be seen, the last unit S31 turns on prior to the 
other switches. Finally because the PWM signal becomes low, the output voltage drop to zero 
before the load fully discharges the capacitors. 
As mentioned before, in order to benefit from low voltage switches the break down voltage 
of switches are selected to be equal to one capacitor unit voltage. Therefore, it is quite 
important to turn on and off SL and SV effectively, otherwise they should tolerate the whole 
output voltage. As Fig 1.54 shows, following the proposed switching strategy the voltage 
across these two switches never exceeded from 1 kV. The only component in this topology 
which must handle the whole output voltage is D2. 
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Fig.  1.53 Voltage waveforms with relative switching signal patterns. 
 
 
Fig.  1.54 Voltage across the critical components. 
The proposed method is evaluated under different circumstances and obtained simulation 
results indicate the effectiveness of the proposed approach. Various voltage levels can be 
obtained by connecting different numbers of switched-capacitor units. The energy flow can 
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be controlled via a positive buck-boost converter. The repetition rate can be adjusted using a 
synchronizing PWM signal. Moreover, the proposed topology is load independent, as it is 
disconnected from the load during the charging process. This feature makes the proposed 
method suitable for supplying wide range of applications specially the one with low 
impedance such as water discharge. 
Chapter 4 presented extended analyses of this research. The proposed method was 
published and presented entitled “A Flexible Solid-State Pulsed Power Topology” at the 15th 
International Power Electronics and Motion Control Conference and Exposition, Novi Sad, 
Serbia 2012 [143]. 
 
1.3.2.3.  Pulsed power applications  
After developing different pulsed power topologies studying and analysing different 
application and load characteristics was considered at this stage. Applying pulsed power 
supply at different voltage level and frequency and observing variety forms of plasma 
generation were investigated. The designed pulsed power supplies under load condition not 
only depicted a good performance but also the role of pulsed power for plasma generation in 
industrial applications was also realized.  
 
1.3.2.3.1.  Effect of  pulsed power on exhaust gas particle matter distribution 
To evaluate pulsed power supply with a real world application, exhaust gas treatment was 
selected as the first application. High voltage and high frequency pulses using a push-pull 
based power electronics topology were applied to a DBD load and the effect of the generated 
plasma was investigated. 
Non-thermal plasma (NTP) treatment of exhaust gas is a promising technology for both 
nitrogen oxides (NOX) and particulate matter (PM) reduction by introducing plasma into the 
exhaust gases. This study considers the effect of NTP on PM mass reduction, PM size 
distribution and PM removal efficiency. The experiments have been performed on real 
exhaust gases from a diesel engine. The NTP is generated by applying high voltage pulses 
using a pulsed power supply across a dielectric barrier discharge (DBD) reactor. The effects 
of the applied high voltage pulses up to 19.44 kVpp with repetition rate of 10 kHz are 
investigated. In this paper, it is shown that PM removal and PM size distribution need to be 
considered both together, as it is possible to achieve high PM removal efficiency with 
undesirable increase in the number of small particles. Regarding these two important factors 
in this research, 17 kVpp voltage-level is determined to be an optimum point for the given 
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configuration. Moreover, particles deposition on the surface of the DBD reactor was found to 
be a significant phenomenon which should be considered in all plasma PM removal tests. 
As mentioned, a pulsed power supply is employed to generate NTP using a dielectric 
barrier discharge (DBD) reactor. Variety of DBD reactors existed, which essentially is a 
multilayer capacitor and has been extensively used for various applications [40, 91, 144-149]. 
Also it can be a packed bed DBD reactor [36, 42, 150-155] or assisted by another catalyst or 
adsorbent [24, 36, 151, 154, 156-160]. Here, a conventional DBD reactor with multipoint-to-
plane geometry is developed. 
The particle size distribution of particulate matter from compression ignition engines has 
become of increased concern. Particles differ in size, composition, solubility and therefore 
also in their toxic properties. More than 90% of diesel exhaust-derived PM is smaller than 1 
μm in diameter [161]. Most of the mass is in the 0.1–1.0 μm “accumulation” size fraction, 
while most of the particle numbers are in the < 0.1 μm “nano-particle” fraction [162, 163]. 
These inhalable small particles are able to enter the bloodstream and even reach the brain 
[164, 165]. It is believed that PM mass reduction and specially PM size distribution are not 
fully considered in previous researches.  
Regarding the aforementioned issues, the main concern of this study was to analyse the 
effect of pulsed power on PM mass reduction and PM size distribution considering the pulsed 
power effects on ultra-fine particles emitted from real diesel engine exhaust gas. In this 
research, a pulsed power supply based on the push-pull inverter is developed to generate up 
to 19.44 kVpp across the DBD load. The tests were conducted at different voltage levels with 
fixed repetition rate of 10 kHz. PM mass reduction, PM removal efficiency and PM size 
distribution are investigated by evaluating the results obtained. 
 
Experimental Method 
A. Experimental Setup 
A schematic diagram of the experimental setup is shown in Fig 1.55. Experiments were 
conducted on a modern turbo-charged 6-cylinder Cummins diesel engine (ISBe22031) at the 
QUT Biofuel Engine Research Facility (BERF). The engine has a capacity of 5.9l, a bore of 
102 mm, a stroke length of 120 mm, a compression ratio of 17.3:1 and maximum power of 
162 kW at 2500 rpm. Particle number distributions are measured with a scanning mobility 
particle sizer (SMPS) consisting of a TSI 3080 classifier, which pre-selects particles within a 
narrow mobility (and hence size) range and a TSI 3025 condensation particle counter (CPC) 
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which grows particles (via condensation) to optically detectable sizes. The SMPS software 
increases the classifier voltage in a pre-determined manner so that particles within a 10-500 
nm size range are pre-selected and subsequently counted using the CPC. The software also 
integrates the particle number distribution to enable calculation of the total number of 
particles emitted by the engine at each test mode. Gaseous emissions are measured with CAI 
600 series gas analyses. CO2, NOX and CO concentrations can be measured by this gas 
analyser, whereas particulate mass emissions are measured with a TSI 8530 Dust-Track II. 
 
Fig.  1.55 Schematic diagram of plasma treatment system developed at QUT engine lab. 
As depicted in Fig 1.55, three way valves to control the exhaust gas path ways are 
employed. With this configuration, it is possible to measure both gaseous emissions and 
particles before entering the reactor and after leaving it by changing the three way valve 
directions. CO2 was used as a tracer gas in order to calculate the dilution ratio. CO2 was 
measured either from the dilution tunnel with dilution ratios being calculated using the 
following equation: 
backgrounddiluted
backgroundexhaust
COCO
COCO
ratioDilution
,2,2
,2,2



 
(1-22) 
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 Laboratory background CO2 measurements were made before the commencement of each 
test session. Every concentration measured after dilution should be modified by using a 
dilution ratio.  
 
B. DBD Reactor 
A conventional dielectric barrier discharge reactor was designed for the experiments.  Fig 
1.56 shows a schematic of the reactor. As illustrated in Fig 1.56, it consists of two concentric 
quartz tubes. Both tubes are 400 mm long and have a wall thickness of 1.5 mm.  The outside 
diameters of inner and outer quartz tubes are 20mm and 25mm, respectively. Exhaust gas 
passes through the gap between these two quartz tubes. Based on pre-designed geometry, the 
discharge gap is 1 mm. The DBD is connected to the pulsed power supply using internal and 
external electrodes. The internal electrode is a copper cylinder and the external electrode is 
made by a copper mesh that wraps the exterior part of the DBD. The electrodes are placed in 
the middle of the DBD load with the length of 100 mm. Both tubes are fixed by two Teflon 
caps at each end. Exhaust enters the reactor at the angle of 45 degree and flows throughout 
the gap and leaves the reactor with the same angle.  
 
(a) 
 
 
 
 
 
 
 
(b) 
Fig.  1.56 DBD reactor in Solidworks: a) schematic, b) cross-section. 
 
C. Bipolar Pulsed Power Supply 
Fig 1.57 shows a circuit schematic diagram of the pulsed power supply. As illustrated, it is 
based on the push-pull inverter topology. The push-pull inverter contains two switches that 
are driven with respect to ground. This is the main advantage of the inverter. This topology 
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uses a centre-tapped transformer which is excited in both directions. A step up transformer is 
used to boost the voltage and achieve galvanic isolation. 
S2
S1
Vin
D
B
D
NA
NB
NS
CS
CS
NA = NB << NS
 
Fig.  1.57 Pulsed power supply circuit schematic diagram (push-pull inverter) 
The main reason to use a push-pull topology is to generate bipolar output voltage and 
employing lower number of switches. The two switches S1 and S2 are switched alternately 
with a controlled duty ratio to convert input DC voltage into high frequency AC voltage 
suitable for exciting the DBD load. Hence, the generated output voltage is bipolar.  
Adding a DBD load turns the push-pull inverter into a resonant stage with approximately 
sinusoidal output. The frequency of the semi-sinusoidal shape signal is determined by an L-C 
circuit comprising of the transformer inductance and capacitances of DBD and the 
transformer. The repetition rate can be used to adjust the power and by optimizing the 
resonance it is possible to obtain high frequency semi-sinusoidal waveform. A typical 
measured output voltage of the employed pulsed power supply is depicted in Fig 1.58. 
The first portion of the output voltage waveform is the resonant circuit dominated by the 
magnetizing inductance of the transformer and the capacitances of the transformer and DBD. 
The period of this signal is approximately 11.2 µs. The second one is the resonance 
happening during the switches off-state between the leakage inductance and the capacitances 
of the transformer and DBD. The period of this signal is equal to 34.8µs. As can be seen from 
the figure the repetition rate is set to 10 kHz. 
Fig 1.59 shows the experimental hardware setup for the pulsed power supply. Here 1200V 
IGBT modules, SK75GB123, are used as power switches. Semikron Skyper 32-pro gate drive 
modules are utilized to drive the IGBTs and provide the necessary isolation between the 
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switching-signal ground and the power ground.  A Texas Instrument TMS320F28335 DSC is 
used for PWM signal generation. A centre-tapped step-up transformer with an UU100 core 
3C90 grade material ferrite from Ferroxcube, are designed with NA = NB = 5 and NS = 293. 
Here a 470pF capacitor (CS) is placed across each switch to protect them against the voltage 
spikes. The output voltage is measured and captured using a Pintek DP-22Kpro differential 
probe and RIGOL DS1204B oscilloscope, respectively. 
 
Fig.  1.58 A typical measured output voltage of the employed pulsed power supply. 
 
 
 
Fig.  1.59 Electrical Hardware setup with the DBD load. 
 
Results and Discussion 
A. Plasma Effect on PM Size Distribution 
The effect of plasma on emission treatment is considered for varied experiments based on 
the aforementioned Cummins diesel engine. In all experiments engine speed and load are 
kept constant at 40 kW (25 %load) and 2000 rpm, respectively. A portion of raw exhaust gas 
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directly from an iso-kinetic sampling port of the tailpipe was diluted with air and passed 
through the reactor. Emissions concentration is measured before and after the applying pulse 
to study the plasma effects. In addition, the median particle diameter which is another useful 
parameter to study the effect of plasma technique is also measured. It is to be noted that all 
illustrated results in each experiment have been obtained as an average over three consecutive 
measurements. 
The measured output voltages show the rate of voltage rise of 2840V/µs. In these 
experiments, the output voltage amplitude is controlled by changing the input DC voltage 
between 72.4 V, 84.4 V, and 94.8 V for generating output voltages of 15 kVpp, 17 kVpp, and 
19.44 kVpp respectively. Under same situation, Fig 1.60 shows an image of DBD recorded at 
19.44 kVpp. As can be seen, NTP is clearly occurring between the two electrodes. 
 
Fig.  1.60 DBD image. 
In the first experiment, the maximum voltage level (19.44 kVpp) is applied.  To estimate 
the deposition rate on the reactor surface, emissions in the reactor inlet (reactor inlet no pulse) 
and reactor outlet (reactor outlet no pulse) without applying any pulse voltage are measured. 
Finally, the pulsed power supply is applied across the DBD and the emissions in reactor 
outlet are measured (reactor outlet with pulse). The same process is employed in all following 
experiments. 
Fig 1.61 illustrates the particle size distribution at 19.44 kVpp. There is a considerable 
amount of PM deposition on reactor surface which is likely related to small gap between the 
tubes (1mm). The median diameter in the reactor inlet is 70 nm, while in the reactor outlet is 
decreased to 66 nm. This shows that larger particles deposited more on the reactor surface. 
By applying pulsed power, as shown in this figure, the median diameter decreases 
remarkably to 35 nm. This implies that lots of big particles have been oxidized or broken to 
small particles by producing plasma inside the exhaust gasses at this voltage level.  
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Fig.  1.61 Particle Size Distribution (2000rpm, 25%Load, 19.44 kVpp). 
The peak value of particle number at the reactor inlet is around                   ⁄ . 
This value declines to                   ⁄  at the reactor outlet due to deposition. By 
applying pulsed power the graph peaks to 4.5               ⁄  which is approximately 
four times bigger than the particle number at reactor outlet without any pulse. The number of 
particles with diameter of less than 70 nm in the reactor outlet with applying pulse is higher 
than the particle numbers at the reactor outlet without any pulse. This effect increases even 
more at particle diameters less than 50 nm. At this level, the particle number at reactor outlet 
surpasses the number of particles at reactor inlet. These findings imply that the 19.44 kVpp 
pulse power at 10 kHz, increases the number of small particles considerably.  
The effect of voltage level with 17 kVpp is considered in the second experiment. The 
results obtained have been summarized in Fig 1.62. The figure shows the median diameter 
changes from 70 nm at reactor inlet to 78 nm at reactor outlet without any pulse, and then 
falls to 75 nm at reactor outlet with applying pulse. This shows that the larger particles are 
deposited and also removed by plasma selectivity compared to smaller particles. As can be 
seen, at this voltage level (17 kVpp) the number of small particles has not increased. This is 
an important feature when compared with the previous experiment (19.44 kVpp). 
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Fig.  1.62 Particle Size Distribution (2000rpm, 25%Load, 17 kVpp). 
 
The last experiment is conducted by applying 15 kVpp pulses. The measured results are 
depicted in Fig 1.63, which shows no growth in the number of small particles as well as 
second experiment (17 kVpp). The maximum of PM concentration took place at around 71 
nm. There is a small difference between PM concentrations with and without applying 
plasma. Therefore, this level of voltage can remove particles at the same rate of deposition.  
Comparing the values of median diameter in the reactor inlet and outlet shows that the 
smaller particles are more likely to be deposited inside the reactor under the no pulse 
condition. On the other hand, by applying the pulse the median diameter is in same range of 
reactor inlet. There is no increase in the number of small particles at this voltage level.  This 
trend in median diameter variation is almost in complete agreement with the voltage of 17 
kVpp. 
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Fig.  1.63 Particle Size Distribution (2000rpm, 25%Load, 15 kVpp). 
 
B. PM Removal Efficiency 
PM removal can be calculated based on the following equation:  
             
            
      
    
 
(1-23) 
where        and       are the concentrations of PM (particle/cm3) at different PM 
diameter. Fig 1.64 illustrates the PM removal efficiency at 19.44 kVpp. PM deposition on the 
reactor surface increases with the PM size and gets to the maximum value of 70% removal at 
around 80 nm. But after 80nm PM removal decreases again. For most of the particle sizes, 
PM deposition on the reactor surface is more than 40%.  When a 19.44 kVpp voltage is 
applied to the reactor, PM removal efficiency reaches the value of 90% for larger particles. 
Removal efficiency for particulate matter less than 80 nm is less than PM removal without 
applying any pulse. This indicates undesirable operation of the plasma within this particle 
size range. Also there is no removal for particles smaller than 50 nm. We suggest that this 
incense in particle numbers can be related to the following two factors: Firstly, fragmentation 
of larger particles by electron impact reactions or incomplete oxidation and secondly, 
oxidation of exhaust gaseous emissions to particle by plasma ozone generated.  
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Fig.  1.64 PM removal as a function of PM size (2000rpm, 25%Load, 19.44 kVpp) 
    
 
Fig.  1.65 PM removal as a function of PM size (2000rpm, 25%Load, 17 kVpp) 
Fig 1.65 Shows the PM removal at 17 kVpp which shows that PM removal by plasma is 
more effective than deposition removal. This means that at this level of voltage, all deposited 
particles and also some large particles inside the flow can be removed or oxidized. For 
particles smaller than 35nm, PM removal percentage by deposition is higher than PM 
removal by plasma. Apparently, smaller particles cannot be removed by plasma within this  
Chapter 1 
 
81 
 
 
Fig.  1.66 PM removal as a function of PM size (2000rpm, 25%Load, 15 kVpp) 
range (<35nm). However another possibility can be dissociation of larger particles to smaller 
ones by electron impact reactions.  
PM removal efficiency at 15 kVpp is illustrated in Fig 1.66. As can be seen the PM removal 
for both graphs increases to an optimum value then decreases. The maximum PM removals in 
reactor outlet with and without the pulse are 61% and 69% respectively. For particles larger 
than the 60 nm diameter, PM removal when applying pulse voltage is slightly higher than PM 
removal without any pulse. However, for particles with smaller diameters, these values are in 
the same ranges.  
Regarding the results obtained, it can be concluded that the voltage level has an important 
role in the size dependent removal efficiency. At 15 kVpp the particle size distribution has 
been affected slightly.  The PM removal without producing small particles can be improved 
as the voltage increases to 17 kVpp. The increase in the number of small particles has been 
noticed when the voltage level goes up to 19.44 kVpp, while larger particles have been 
reduced considerably. By taking into account all the above mentioned features, the 17 kVpp 
experiment shows better efficiency in terms of particle size distribution for the given 
configuration.  
   
C. Plasma Effect on PM Mass Reduction 
After studying the effect of different voltages on particle size distribution, in this section, 
the effect of plasma on particle mass reduction is considered. In a similar way to the previous 
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sections three different voltage levels have been applied to the DBD load. All results obtained 
have been summarized in Table I. PM mass concentrations in the reactor inlet were 4.56 (
  
  
), 
4.26 (
  
  
) and 5.14 (
  
  
) respecting to the variation of engine operating conditions for the 
three tests conducted. These values decreased to 2.48 (
  
  
), 3.68 (
  
  
) and 4.37 (
  
  
) at reactor 
outlet in the no pulse condition, respectively. This shows a significant particle deposition 
inside the reactor.  When the pulsed power is applied, plasma PM removal occurred. This 
causes the PM mass concentration reduction of 43.9 %, 38.6% and 27.1% at 19.44 kVpp, 17 
kVpp and 15 kVpp respectively.  
The maximum PM mass reduction has been obtained when the voltage level is 19.44 kVpp. 
However, according to the particle size distribution measurements, this voltage level 
increases the number of small particles, which is not a desirable feature. The 17 kVpp applied 
voltage shows a more suitable performance with good mass reduction of around 40% without 
any increase in ultra-fine particle numbers. The 15 kVpp voltage level is found to be almost 
the threshold breakdown voltage for the given configuration, below which no significant PM 
mass reduction, PM removal, and PM size distribution which have not been affected too 
much. 
In this research the industrial application of pulsed power along with new findings, such as 
PM distribution, PM mass reduction, and optimum operating point have been investigated. In 
addition, the capability of employing power electronics topology to generate suitable voltage 
levels with controllable parameters for a pulsed power application is demonstrated. 
 
Table  1.9 PM Mass Reductions at Different Voltage Levels 
Applied Voltage 
 
Measurement 
19.44 kVpp 17 kVpp 15 kVpp 
Reactor Inlet PM 
Concentration (
3m
mg
) 
4.56 4.26 5.14 
Reactor Outlet No Pulse PM 
Concentration(
3m
mg
) 
2.84 3.68 4.37 
Reactor Outlet By-Pulse PM 
Concentration (
3m
mg
) 
2.56 2.62 3.74 
Plasma PM Removal 
Efficiency (%) 
43.9 38.6 27.1 
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Chapter 5 presented extended description about this work. This study entitled “Effect of 
Pulsed Power on Particle matter in Diesel Engine Exhaust Using a DBD Plasma Reactor” is 
published in IEEE Transactions on Plasma Science Journal on Aug 2013. 
 
1.3.2.3.2.  Analyzing plasma lamp intensity versus power consumption using 
pulsed power supply  
To study another type of DBD load with multi-point to multi-point geometry, a plasma lamp 
is considered as the second application. 
Recently, DBD lamps have gained much attention as they are mercury free, easily scalable 
and simple to construct [166].  DBD lamps are mostly filled with rare gases and rare gas-
halides, which can provide efficient scheme for generating incoherent UV and VUV 
(Vacuum UV)  radiation [166]. The range of applications is broad owing to the variability of 
output wavelength (88–310 nm) with the choice of gas fill. 
DBD Lamps can be operated with continuous excitation or with pulsed excitation. Because 
a pulsed discharge can operate at much higher peak voltages and peak currents for the same 
average power as in a dc glow discharge, higher instantaneous sputtering, ionization and 
excitation can be expected and hence better efficiencies [166]. Therefore, a solid-state pulsed 
power supply can be a suitable choice for exciting a DBD lamp as it provides controllable 
variables such as duty cycle, frequency, generated voltage, and etc. 
One of the important features of a DBD lamp is the light intensity. The light intensity is quit 
important in sensitive applications such as in therapy of skin diseases and for disinfecting the 
skin surface. Hence, increasing or decreasing generated UV intensity can harm or not 
efficiently affect the under treatment area respectively. The light intensity can be controlled 
by factors such as frequency (pulse repetition rate) and applied voltage. However, another 
important issue which needs to take into account is the lamp power consumption. Increment 
in power consumption not only reduce the system performance but also can lead to short 
operational lifetime of the lamp. Thus, finding the relation between the lamp intensity and 
power consumption in order to select a proper operating point is important. 
To study the behaviour of a DBD lamp, light intensity versus power consumption is 
analysed at different voltage level and repetition rates. The DBD lamp is excited using a 
push-pull based pulsed power supply. The light intensity is measured using a UV detector 
and the power consumption is measured based on Lissajous V-Q diagram. 
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Experimental Setup 
A. DBD Lamp 
Here a DBD lamp, as shown in Fig 1.67, is selected which is due to their particular interest 
as they possess high efficiency [166]. The lamp tube has a coaxial geometry with a double 
dielectric barrier, and is fabricated from UV grade fused silica tubing. The external electrodes 
are wire/wire mesh yielding an active region of ~60mm length with a discharge gap of ~9mm 
between the inner and outer dielectrics.  The gas fill (sealed off) is a Xenon buffer at ~100mb 
pressure, seeded with a low partial pressure (~1torr) of halogen (Cl) to yield XeCl excimers 
upon discharge excitation which emit in the UV at 308m. Typical output irradiances from the 
lamp are 1-10mW per cm2.  
 
Fig.  1.67 Dielectric barrier discharge lamp 
 
 
B. Pulsed Power Supply 
Fig 1.68 shows a circuit schematic diagram of the developed pulsed power supply. As 
illustrated, it is based on the push-pull inverter topology. The push-pull inverter contains two 
switches that are driven with respect to ground. This is the main advantage of the inverter. 
This topology uses a centre-tapped transformer which is excited in both directions. A step up 
transformer is used to boost the voltage and achieve galvanic isolation. 
The main reason to use a push-pull topology is to generate bipolar output voltage and 
employing lower number of switches. The two switches S1 and S2 are switched alternately 
with a controlled duty ratio to convert input DC voltage into high frequency AC voltage 
suitable for exciting the DBD load. Hence, the generated output voltage is bipolar.  
Adding a DBD load turns the push-pull inverter into a resonant stage with approximately 
sinusoidal output. The frequency of the semi-sinusoidal shape signal is determined by an L-C 
Chapter 1 
 
85 
 
circuit comprising of the transformer inductance and capacitances of DBD and the 
transformer. The repetition rate can be used to adjust the power and by optimizing the 
resonance it is possible to obtain high frequency semi-sinusoidal waveform.  
Fig 1.69 shows the experimental hardware setup for the pulsed power supply. Here 1200V 
IGBT modules, SK75GB123, are used as power switches. Semikron Skyper 32-pro gate drive 
modules are utilized to drive the IGBTs and provide the necessary isolation between the 
switching-signal ground and the power ground.  A Texas Instrument TMS320F28335 DSC is 
used for PWM signal generation. A centre-tapped step-up transformer with an UU100 core 
3C90 grade material ferrite from Ferroxcube, are designed with NA = NB = 5 and NS = 293. 
Here a 470pF capacitor (CS) is placed across each switch to protect them against the voltage 
spikes. To calculate the power consumption a 4.2nF capacitor (Cm) is connected in series 
with the DBD lamp. Cm is selected large enough to not to affect the DBD lamp capacitance. 
The output voltage is measured and captured using a Pintek DP-22Kpro differential probe 
and RIGOL DS1204B oscilloscope, respectively. 
S2
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Fig.  1.68 Pulsed power supply circuit schematic diagram (push-pull inverter) 
  
 
Fig.  1.69 Electrical Hardware setup with the DBD load. 
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C. Measurements 
The lamp intensity was measured using a UV-photodetector (see Fig 1.69). The photo-
detector is equipped with JIC157 which has a spectral range of 210...390 nm. The averaged 
intensity was considered for evaluation regarding to the area of the captured intensity 
waveform and employed frequency. 
 
Fig.  1.70 V-Q cyclogram of the DBD lamp as a basis of power consumption calculation. 
To measure the power consumption of the DBD lamp, the energy transferred to the DBD 
lamp has been calculated by applying the Lissajous (V −Q) diagram [167]. To measure Q one 
capacitor (Cm) is placed in series with the DBD lamp, as depicted in Fig 1.68. Thus, by 
measuring the voltage across Cm and multiplying it by Cm value it is possible to calculate Q. 
The energy consumed by the plasma for one cycle is calculated from the area of V−Q curve 
for different experiments (see Fig 1.70). Hence, by considering the employed repetition rate 
(frequency) it is possible to calculate the average consumed power by the DBD lamp. Due to 
presence of noise during measurement the captured data is filtered before power consumption 
estimation stage (see Fig 1.70).  
 
Results and Discussion 
To analysis the lamp characteristics the lamp intensity versus the lamp power consumption 
is considered at different voltage level and operating frequency. Input voltage (Vin) and 
repetition rate (fr) were assigned as controlling parameters to determine the plasma lamp 
characteristics. The high voltage pulses were applied to the plasma lamp at 7 different voltage 
levels and 4 different repetition frequencies of 2kHz, 5kHz, 10kHz, and 15kHz (see Table 
1.10). The measured results are illustrated as averaged intensity versus averaged power 
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consumption (see Fig 1.71). It is to be noted that the results are normalized for a better 
comparison. 
 
 
Table  1.10 Considered voltages and frequencies for different experiments 
                                 Frequency 
Output Voltage Level 
 
2kHz 
 
5kHz 
 
10kHz 
 
15kHz 
Vin= 36V D11 D21 D31 D41 
Vin= 40V D12 D22 D32 D42 
Vin= 44V D13 D23 D33 D43 
Vin= 48V D14 D24 D34 D44 
Vin= 52V D15 D25 D35 D45 
Vin= 56V D16 D26 D36 D46 
Vin= 60V D17 D27 D37 D47 
 
 
 
 
(a) 
 
(b) 
Fig.  1.71 Comparing different operation points regarding to the varied applied voltage levels and repetition 
rates, a) applied voltage versus plasma lamp power consumption, b) applied voltage versus plasma lamp 
intensity. 
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The obtained results clearly indicate that the DBD lamp power consumption 
correspondingly increases with the applied voltage level and the repetition rate. Despite the 
power consumption which is always desirable to be as low as possible, it is the lamp intensity 
which is the main goal. Obtaining high intensity at low power consumption in plasma lamp 
applications is one of the major concerns. The obtained results regarding to the applied 
voltage versus the lamp intensity are illustrated in Fig. 1.71. The measured results indicate 
that not necessarily the higher intensity the high power consumption is. In the other word, the 
intensity doesn’t have a linear relation with the power consumption. The measured results in 
Fig. 1.71 depicted the possibility of achieving same or even higher intensity at lower power 
consumption by increasing the repetition rate. For instance, comparing D44 with D36 shows 
that, D44 has higher intensity than D36 while it has same power consumption. Such 
behaviour can be realized by comparing D32 with D27 as well. This can be due to the 
different slope of change regarding to the applied voltage and consumed power. 
Regarding to the aforementioned facts, it is feasible to find an optimum operation point 
where the required intensity can be achieved at lower power consumption. This can be 
obtained by operating at lower voltage levels but with the cost of higher repetition rate. 
Reducing the generated voltage level while obtaining the required performance is always 
desirable due to high voltage insulation and power switches limited breakdown voltage 
issues.  
More analyses are provided in Chapter 6. This work entitled “Analysing DBD Plasma 
Lamp Intensity versus Power Consumption Using a Push-Pull Pulsed Power Supply” is 
accepted in 15th European Conference on Power Electronics and Applications to be held in 
Lille, France, 2013. We thank Dr. Robert Carman of the Department of Physics and 
Astronomy at Macquarie University, Sydney, Australia, for the helpful advice, and loan of 
the XeCl lamp which was originally supplied by Prof. G. Zissis, LAPLACE Laboratory, 
Universite Paul Sabatier, Toulouse, France. 
 
1.3.3.  High frequency high power converters  for ultrasound 
applications 
The second aspect of this research project was improving the efficiency of high power 
piezoelectric applications by applying high frequency high power converters. Extensive study 
was conducted on high power piezoelectric device characteristics in order to generate suitable 
excitation signal. Variety of power electronics topologies and control techniques were 
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investigated in order to excite the high power piezoelectric device at the desirable range of 
frequency. Two major steps were considered in this study: 
 Investigating the characteristics of a high power piezoelectric transducer 
 Improving the efficiency high power ultrasound system 
 
 
1.3.3.1.  Power electronic converters for high power ultrasound 
transducers  
Ultrasound power transducer performance is strongly related to the applied electrical 
excitation [52, 98]. To have a suitable excitation for maximum energy conversion [5, 115-
119], it is required to analyse the effects of input signal waveform, medium and input signal 
distortion on the characteristics of a high power ultrasound system (including ultrasound 
transducer). In this research to investigate the features of a suitable excitation signal, varied 
condition is considered. Different input voltage signals are generated using a single-phase 
power inverter and a linear power amplifier to excite a high power ultrasound transducer in 
different mediums (water and oil) in order to study the characteristics of the system. 
Moreover, the effect of power converter output voltage distortions on the performance of the 
high power ultrasound transducer using a passive filter is also analysed. 
To study the performance of the piezoelectric transducer under the applied situation, an 
ultrasound system was considered. The frequency responses of the applied voltage and the 
measured voltage are considered as it is one of the most efficient ways to study the behaviour 
of a system. In addition to that, it is possible to understand the linear or non-linear behaviour 
of the system and the transducer (main goal) based on the applied signal and measured 
response by employing the superposition method. 
 
Experiments and Results  
Table 1.11 shows a summary of all test conditions which have been carried out at different 
mediums and input voltages. As can be seen, for low voltage evaluations sinusoidal 
waveforms are generated by a linear power amplifier (OPA459) and a step-up transformer 
(see Fig 1.72). But due to existing restrictions for the higher voltage levels, a single phase 
inverter is used which results in a non-sinusoidal waveform.  
The employed piezoelectric transducer has some resonant frequencies around 39 kHz. To 
study the piezoelectric characteristics using superposition method and as the highest energy 
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conversion happens at resonant frequencies one of the signals is selected at 39 kHz the other 
one is selected at 61 kHz which is a non-resonant frequency. 
 
 
Table  1.11 Test conditions and setups 
 
Medium Excitation System 
Input Voltage Magnitude 
(peak) 
Frequency of Input 
Signal (s) 
Test 1 water 
Signal Generator, a power 
amplifier and a high 
frequency transformer 
15 V and 30 V 39 kHz and 61 kHz 
Test 2 water 
Signal Generator, a power 
amplifier and a high 
frequency transformer 
15 V + 30 V              (time 
domain) 
39 kHz and 61 kHz 
Test 3 oil three-level inverter 
50 V, 100 V, 200 V and  
300 V 
39 kHz 
Test 4 oil 
three-level inverter and a 
filter 
50 V, 100 V, 200 V and  
300 V 
39 kHz 
Test 5 water three-level inverter 
50 V, 100 V, 200 V and  
300 V 
39 kHz 
 
 
Fig.  1.72 block diagram of a lab prototype for test 1 and test 2 
In the first experiment, the first transducer was excited by applying a sinusoidal waveform 
with two voltage levels (15V and 30V) at two different frequencies (39 kHz and 61 kHz). 
The responses were captured across the second transducer in time domain. The obtained 
results don’t show a proportional relation between the input and output voltages (see Fig 
1.73). This can be due to the non-linear behaviour of the transducer. But to make sure the 
system should be analysed under superposition principle. Based on this principle, if the 
ultrasound system has linear characteristics, the responses of the system with two sinusoidal 
signals (as follow) should be same:  
a) Separately excited by two signals at 39 kHz and 61 kHz and adding the output signals 
b) Simultaneously excited by two signals at 39 kHz and 61 kHz  
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Therefore, in the second experiment, the same system is excited by two signals at 39 kHz 
and 61 kHz which are added together at the input side of the power amplifier. It is to be 
expected that the output voltages of the ultrasound system in two different tests should be 
exactly same as each other if the system has a linear characteristics. To evaluate the linearity, 
the previous obtained results are also added up together (based on superposition principle). 
The measured result illustrated in Fig 1.74 shows that the output voltages (separately and 
simultaneously excited) are not same, which implies the nonlinear characteristics of the 
ultrasound system under the applied situation. 
To study the non-linearity of ultrasound system at higher power ratings and different 
mediums, experimentation were carried out using a single phase inverter. A coupling box of 
laboratory setup is filled of oil or water for further experiments. A block diagram and the 
experimental setup are shown in Fig 1.75 and Fig 1.76 respectively. The generated voltage 
was a square wave uni-polar voltage waveform. 
 
(a) 
 
(b) 
 
(c) 
 
 (d) 
Fig.  1.73  (a) Input signals at 39 kHz (b) output signals at 39 kHz (c) Input signals at 61 kHz (d) output signals 
at 61 kHz. 
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(a) 
 
(b) 
 
(c) 
 
 (d) 
Fig.  1.74  (a) test 1: summation of two output signals (at 39 kHz & 61 kHz) for Vin=15V and Vin=30V, (b) test 
2: two output signals for Vin=15V and Vin=30V, (c) comparing the results of test 1 and test 2 for Vin=15V, (d) 
comparing the results of test 1 and test 2 for Vin=30V. 
 
 
 
Fig.  1.75 Schematic diagram of the setup using an inverter. 
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Fig.  1.76 Hardware Setup. 
 
 
(a) 
 
 (b) 
Fig.  1.77 Captured results of third experiment 
The third experiment was conducted at different voltage levels (50V, 100V, 200V and 
300V) and at 39 kHz. Due to uni-polar modulation the generated signal has some harmonics. 
To have a fare comparison all the input voltages are normalized so they have same amplitude. 
Based on the same factor the captured output voltages are normalized as well (see Fig 1.77). 
The results show that the ultrasound system has nonlinear characteristics at different voltage 
levels and the output voltages are not same when they are normalized. 
The output voltage of the power inverter generates voltage stress (dv/dt) across the 
piezoelectric transducer. This voltage with the capacitive characteristics of the piezoelectric 
transducer can generate significant current spikes which increases losses and high frequency 
noise. The input voltage distortion can tend to deteriorate the output voltage quality and can 
increase the power dissipation. Moreover, these distortions can cause the nonlinear behaviour 
of the ultrasound system. Hence, a 990 μH inductor as a filter is placed between the power 
converter and the transducer to reduce the input voltage distortion across the first transducer.  
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Fig 1.78 shows a block diagram of the setup. The captured results after applying filter implies 
that the ultrasound system still shows nonlinear characteristics (see Fig 1.79). 
The final experiment was performed using water as medium same as third experiment but 
this time by applying an inverter. Similar to the previous test results, when the input and 
output voltages are normalized at 50 V, there are still significant differences between the 
output voltages at different frequencies shown in Fig 1.80. The nonlinear behaviour of a high 
power ultrasound system is obvious in this figure due to mismatch of the responses of the 
ultrasound system to the normalized input voltages. 
 
Fig.  1.78 Applying filter to the inverter output. 
 
 
(a) 
 
 (b) 
Fig.  1.79 Captured results of forth experiment (applying a filter). 
 
 
(a) 
 
 (b) 
Fig.  1.80 Captured results of the last experiment. 
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Regarding to the mentioned experiments and evaluations, in this research, the nonlinearity 
of the ultrasound system has been shown under varied situation. The obtained results indicate 
the fact that for the high power ultrasound applications not necessarily the output voltage 
increases with the increment in the input voltage. In addition, an inverter can be a suitable 
choice for generating the required voltage even without filtering out the generated harmonics.  
The extended analysis of this research is presented in chapter 7. This work was published 
and presented entitled “Power Electronic Converters for High Power Ultrasound 
Transducers” at The 7th IEEE Conference on Industrial Electronics and Applications in July 
2012 in Singapore [168]. 
 
1.3.3.2.  Improving the efficiency of high power piezoelectric transducer  
Regarding to the aforementioned outcomes the broad spectral content of the 2-level pulse 
results in undesired harmonics which can decrease the performance of the system 
significantly. On the other hand, it is crucial to excite the piezoelectric devices at their main 
resonant frequency in order to have maximum energy conversion. Therefore a high quality, 
low distorted power signal is needed to excite the high power piezoelectric transducer at its 
resonant frequency. This paper proposes an efficient approach to develop the performance of 
high power ultrasonic applications using multilevel inverters along with a frequency 
estimation algorithm. In this method, the resonant frequencies are estimated based on relative 
minimums of the piezoelectric impedance frequency response. The algorithm follows the 
resonant frequency variation and adapts the multilevel inverter reference frequency to drive 
an ultrasound transducer at high power. Extensive simulation and experimental results 
indicate the effectiveness of the proposed approach. 
The most efficient way to generate power signals is to use a 2-level power inverter. 
Specifically, switch mode inverters are used for piezoelectric high power applications due to 
their high power density, efficiency, low cost and size compared to conventional linear power 
supplies [5, 102, 123]. However, the harmonics present in the output waveform produce 
undesired side bands which are not suitable in many applications. Moreover, they also cause 
unnecessary power dissipation which reduces the efficiency of the power converter [124, 
125]. 
On the other hand, for ultrasound applications which operate at high fundamental frequency 
power converters based on a PWM strategy with high switching frequency index (fs/fo) 
cannot be a practical solution. In such applications, the maximum possible fundamental 
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frequency of a converter is restricted by the switching transients of each power switching 
event and the number of switching events per cycle.  
In this regard, to reduce the number of switching transients and eliminate the undesired 
harmonics, the most effective way is to use multilevel inverters [127-130]. Through these 
inverters, it is possible to produce quasi-sine waves with low total harmonic distortion at high 
power. Multi-level inverters can increase the quality and efficiency of the high voltage supply 
compared to the conventional 2-level inverters. This permits the semiconductor devices to 
operate at lower switching frequencies with higher efficiency as well as lower voltage stress 
across switches and loads which minimize electromagnetic and ultrasound noise emissions. 
Fig 1.32 depicted typical voltage waveforms and their harmonic spectra. It can be seen that 
the harmonics are depressed for multilevel inverters such that they can be easily filtered out 
from the frequency range of interest. 
To improve the performance of the piezoelectric transducer for high power applications, in 
addition to the multilevel converter, the device needs to be excited at its resonant frequency.  
Piezoelectric devices typically have multiple resonant frequencies, but only the major 
resonant frequency is generally targeted for excitation in practice.  Structural and 
environmental changes of a piezoelectric system can affect variations in the resonant 
frequencies [5, 52]. Therefore, it is important to estimate the main resonant frequency in 
order to maintain efficient system operation. Therefore, the multilevel converter needs to be 
adapted with a suitable frequency estimation algorithm. 
The most effective way to find the resonant frequencies of a piezoelectric transducer is by 
evaluating its impedance frequency response [105, 108-113, 115, 117, 118]. A minimum in 
the impedance response corresponds to a resonant frequency, fr. The impedance frequency 
response is the ratio of the voltage spectrum to the current spectrum. To calculate the 
piezoelectric impedance response, a voltage source needs to be applied to the device as an 
excitation signal and current needs to be measured simultaneously. In order to obtain the 
response of the device for a specific range of frequencies, the excitation signal should cover 
the entire frequency range. The idea of calculating the piezoelectric impedance is inspired by 
the general concept of performing system identification (i.e. finding the system transfer 
function [121]). It is therefore possible to benefit from the existing knowledge base of 
excitation signals for system identification. Considering the above mentioned features, a 
broad-band excitation signal is the most appropriate candidate [120, 121].  
This study advocates the advantage of using multilevel inverters along with an efficient 
frequency estimation algorithm (as depicted in Fig 1.81) to develop the performance of the 
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high power ultrasonic applications. In the proposed algorithm, a 1 kHz rectangular pulse with 
10% duty cycle is applied to the device and the current is measured as the response. Then the 
captured data is cropped to retain only one cycle of the applied input voltage and 
corresponding output current. In the next step, FFT (Fast Fourier Transform) is applied to 
both the signals and the impedance response is found as a ratio of the voltage to current 
transforms. Finally, the relative minimum values are estimated and sorted according to both 
impedance derivative and impedance magnitude. The FFT is used because it can be computed 
relatively efficiently (with order NlogN operations), thus enabling real-time operations. 
Finally, the multilevel inverter reference frequency is updated with the estimated resonance 
frequency. The proposed method has been evaluated in simulations (using an electrical circuit 
model) and experimentally (using two piezoelectric devices). The results obtained indicate 
the efficiency and high performance of the proposed method. 
DC/AC
Inverter
AC
Current Sensor
Piezoelectric
Frequency 
Estimation
 
Fig.  1.81 Exploiting online resonance frequency estimation in high power applications of piezoelectric devices. 
Methodology and Approach to Estimate Resonance Frequency  
A. Excitation Signal 
Piezoelectric devices have different resonance frequencies which are sometimes described 
as vibration modes. To identify these frequencies, the excitation signal needs to be wide-
band. In the proposed approach, a sequence of rectangular pulses is applied to the device. The 
pulse widths are 0.1ms and the pulses are reapplied every 1ms. It is quite easy to generate the 
selected pulse stream and the pulses occur fast enough to enable the system to create regular 
updates of the resonance frequency online. 
Fig 1.82(a) shows the frequency response of a typical rectangular pulse. As can be seen the 
energy in the spectrum is well spread, but varies considerably in intensity as a function of 
frequency. This imperfection actually proves to an advantage because the practical spectrum 
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does not suffer from the problem of having zero energy at some frequency components (see 
Fig 1.82 (b)). 
 
(a) 
 
 (b) 
Fig.  1.82 Frequency responses: a) ideal pulse frequency response, b) practical pulse frequency response. 
 
B. Estimating Impedance 
The response due to the excitation signal (known as the ‘residual vibrations’) is given by: 


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kkk tatfSinAty
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)exp()2()(   (1-24) 
where n is the number of resonance frequencies, Ak is the amplitude, fk is the  frequency and 
ak is the damping coefficient of the 
thk resonance frequency. 
A current sensor is used to capture the response (residual vibrations) of the device. The 
current and voltage across the piezoelectric are captured simultaneously. To get the best 
results, one cycle of the excitation pulse, along with the corresponding current response, 
needs to be extracted from the captured signals. The starting point of the voltage waveform is 
specified on the leading edge of the pulse. Then, from a knowledge of the sampling rate and 
the length of the signal (which is 1ms) the end point is determined. Based on these starting 
and end points the voltage and current waveforms are cropped from the captured signals. 
After cropping, the FFT of the both signals are calculated as follows: 
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where x(n) and X(k) are the discrete inputs and outputs respectively. To find the power 
spectrum of the voltage and current signals the FFT outputs are multiplied by their conjugates 
as per equation (1-25) and finally the impedance is calculated based on equation (1-26). 
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where Fs denotes the sampling frequency and N is the number of FFT points. 
 
C. Extracting Resonant Frequencies 
The resonant frequencies correspond to the local (or relative) minimums of the piezoelectric 
impedance. The relative minimums of a function are the points where that the slope of the 
tangent changes from – to +. Fig 1.83(a) shows a power spectrum,       of impedance and 
the change of slope in the resonant frequency. At point A,   
     is equal to zero. Moreover, 
immediately to the left of this point at point B the slope is negative while at point C the slope 
is positive. 
Motivated by the above, the derivative of       is calculated and all the points where   
     
changes sign from – to + are extracted. As the final step, at the extracted frequencies, a 
sorting is performed based on the magnitude of       . The main resonant frequency is the 
one with the lowest magnitude.  
The procedure described above is depicted as an algorithm flowchart in Fig 1.83(b). Within 
that flowchart R is a constant defining the number of resonant frequencies needing to be 
extracted. The algorithm can be used both for offline and online systems. It is important to 
note that, repeating the proposed algorithm, while applying a repetitive pulse and averaging, 
results in an increase of the estimation accuracy. 
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Input 
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minimum 
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Number of extracted 
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No
Yes
 
 (b) 
Fig.  1.83 Extracting resonant frequencies: a) change of slope at relative minimum (resonant frequency), b) 
flowchart of the proposed algorithm. 
Experimentation and Discussion  
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The proposed algorithm is evaluated via both simulations and experimentation. The 
comparisons were made based on three key types of alternative impedance analysing 
methods. These alternative methods are: 
a) The traditional method:  In this method several single frequency sine waves from 30 
kHz to 80 kHz have been applied separately to the piezoelectric. The frequency step 
size was set to 1 kHz.   
b) The Network Analyser method: An R&S ZVL3 vector network analyser has been used 
to obtain the impedance frequency response of a piezoelectric device in the frequency 
range of 30 kHz to 80 kHz. 
c) The unit step and white noise excitation method: In order to compare the proposed 
method with different wide-band excitation signals, the impedance frequency behaviour 
has been obtained based on step response and white noise.  
 Step Pulse: From system identification theory, it is known that the Fourier transform 
of the impulse response (h(t)) of a system gives the system transfer function. Since 
generating an impulse (    ) at high power is highly impractical a step (u(t)) is 
preferable. Here a 1ms step is applied to the device and as discussed in the previous 
section the impedance response can be obtained by dividing the Fourier transform of 
the output into the Fourier transform of the input.   
 White Noise: One of the most popular excitation signals used in system identification is 
white noise [120, 121]. As white noise theoretically has a constant amount of energy per 
frequency band, it is possible to simply look at the captured current to find the resonant 
frequencies. To account for the fact that white noise spectra are not always perfectly flat 
in practice, the impedance response is calculated in the same way as the other two 
methods – by dividing the Fourier transform of the output into Fourier transform of the 
input. 
Two different piezoelectric devices Type A and Type B were considered for experimental 
evaluation. As was the case with the simulation testing, the impedance of both devices was 
obtained in the frequency range of 30 kHz to 80 kHz. For the proposed method a power 
converter was used for generating pulses. For the traditional and broadband excitation 
methods a G5100A function waveform generator was used as the signal generator source and 
the signals were amplified using an OPA549. Fig 1.84 shows the experimental setup for the 
proposed method. All signals were captured using a RIGOL DS1204B oscilloscope. As the 
frequency was between 30 kHz and 80 kHz, the cut-off frequency of the filter was set to 100 
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kHz. Hence capacitor and resistor values of Cf =1nF and Rf =1.59KΩ respectively were 
selected for the low pass filter. The measured impedance frequency behaviour of the Type A 
piezoelectric device for all methods is shown in Fig 1.85(a). Table 1.12 also shows the 
extracted frequencies for the three strongest resonant frequencies.  
 
 
Fig.  1.84 Experimental setup for the proposed method. 
Fig. 1.85(b) shows the impedance frequency response of the second piezoelectric device. 
The estimated frequencies for the first three resonant frequencies are shown in Table 1.12. As 
can be seen from the measured results, the white noise method did not result in accurate 
estimation of Fr2 and Fr3 compared to the other methods. The main reason is that in each 
experiment the level of power in white noise changes randomly over time, and may even go 
to zero at particular frequencies. Therefore for resonances which are not especially strong (as 
was the case for Fr2 and Fr3 in the Type B device) the results are unreliable. 
It should be noted that the electrical circuit model of the piezoelectric device is a simple 
model which is not able to perfectly model the piezoelectric device nonlinearity, time 
variations and high frequency behaviour. That is why there are small differences between the 
simulation and test results. The advantages and drawbacks of the various methods are 
summarized in Table 1.13. The proposed method offers simplicity and high performance in 
addition to its ability to be used for online systems. 
The performance of the proposed frequency estimation algorithm was evaluated in the 
above sections, but as already mentioned, exciting the device at its resonant frequency is not 
enough to achieve maximum power conversion. The excitation signal harmonics also need to 
be considered. To do that an ultrasound interface is setup in the next section. 
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(a) 
 
 (b) 
Fig.  1.85 Experimental results obtained for the piezoelectric devices impedance response:  
(a) Type A,  (b) Type B. 
 
Table  1.12 Estimated resonant frequencies of the Type A piezoelectric device 
Method                
                         
                                                             Resonant Frequency(kHz) Fr1  Fr2  Fr3  
Network Analyser 70.18 48.62 38.82 
Impulse Response (Step Excitation) 70.31 48.83 39.06 
White Noise 70.31 48.83 39.06 
Traditional 70 49 39 
Proposed 70.31 48.83 39.06 
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Table  1.13 Estimated resonant frequencies of the Type B piezoelectric device 
Method                
                        
                                                         Resonant Frequency(kHz) Fr1  Fr2  Fr3  
Network Analyser 78.08 47.48 66.94 
Impulse Response (Step Excitation) 78.13 46.88 66.41 
White Noise 78.13 44.92 68.36 
Traditional 78 47 67 
Proposed 78.13 46.88 66.41 
 
In this section the advantage of exciting a piezoelectric transducer using a multi-level 
waveform at the resonant frequency compared with a uni-polar waveform is illustrated. For 
the comparison, one multi-level waveform and one uni-polar waveform were generated with 
peak to peak voltage of 120V at 39 kHz (Type A device resonant frequency).  
To perform the evaluation, one pair of the Type A piezoelectric transducers was placed face 
to face as sender and receiver. For the first experiment, a unipolar pulse was applied to one of 
the piezoelectric devices and the voltage across the other one was captured. Fig 1.86(a) shows 
the applied voltages. To show their influence on piezoelectric devices the frequency 
responses of applied and captured voltages are illustrated in Fig 1.86 (b). As can be seen from 
Fig 1.86(b) the captured response contains several harmonics, due to the excitation signal 
having much energy away from the fundamental frequency. 
For the next test, a multi-level waveform was applied to the piezoelectric device. As can be 
seen from Fig 1.86(c), harmonic levels are attenuated significantly. This was due to the use of 
a multi-level waveform which damped the harmonics in the vast area around the fundamental 
frequency.  
Comparing the Fig 1.86(b) with Fig 1.86(c), illustrates that the maximum energy is 
achieved at the resonant frequency. Higher efficiency is obtained for multi-level signal. In 
particular the method is quite effective for reducing the harmonic content. In addition, the 
presence of harmonics not only adversely affects frequency sensitive applications, but also 
causes an increase in temperature and an increase in power loss. Moreover, when using filters 
for attenuating remaining harmonics the filter cost and size decreases when multi-level 
topology is employed.  
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(a) 
 
(d) 
Input voltage (unipolar) 
 
(b) 
Input voltage (multilevel) 
 
(e) 
Output voltage (unipolar) 
 
(c) 
Output voltage (multilevel) 
 
 (f) 
Fig.  1.86 Obtained results for the ultrasound interface: (a) applied uni-polar pulse at 39 kHz in time domain, (b) 
frequency response of the applied uni-polar pulse (input signal), (c) frequency response of the output signal when 
the input is a uni-polar pulse, (d) applied multi-level pulse at 39 kHz in time domain, (e) frequency response of the 
applied multi-level pulse (input signal), (f)  frequency response of the output signal when the input is a multi-level 
pulse. 
Further description of this study is provided in Chapter 8. This work entitled “Improving 
the Efficiency of High Power Piezoelectric Transducers for Industrial Applications” was 
published in IET Science, Measurement and Technology Journal, in Feb 2012 [169]. 
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Abstract— Advances in solid-state switches and power electronics techniques have led to 
the development of compact, efficient and more reliable pulsed power systems. Although, the 
power rating and operation speed of the new solid-state switches are considerably increased, 
their low blocking voltage level puts a limits in the pulsed power operation. This paper 
proposes the advantage of parallel and series configurations of pulsed power modules in 
obtaining high voltage levels with fast rise time (dv/dt) using only conventional switches. The 
proposed configuration is based on two flyback modules. The effectiveness of the proposed 
approach is verified by numerical simulations, and the advantages of each configuration are 
indicated in comparison with a single module. 
 
2.1. Keywords 
Pulsed power, Flyback converter, Parallel and series connection, High voltage pulse 
 
2.2. Introduction 
Rapid release of stored energy as electrical pulses into a load can result in delivery of large 
amounts of instantaneous power over a short period. This strategy is called pulsed power [1]. 
Generally, a pulsed power system consists of three main parts: energy storage, pulse generator 
and the load. The most prominent part of a pulsed power system is the pulse generator, which 
is based on utilized switch and topology. Hence, the switch is the connecting device between 
the storage and the load. This means that the whole system characteristics such as rise time, 
repetition rate, voltage rating, efficiency, cost, life time, etc, depend on the employed switch 
specifications.  
Gas-state and magnetic switches have been widely used in pulsed power technology, as 
they possess a very high electric strength and fast rise time [2]. Gas-state switches require 
special operating conditions such as high pressure, vacuum equipments and gas supplies. In 
addition, they are bulky, unreliable, have short lifetime span and low repetition rate. Even with 
the magnetic switches, which have a higher repetition rate, the problems remain. These 
conditions limit the mobility, efficiency and increase the cost and the size of the pulsed power 
system [2, 3]. On the other hand, solid-state switches are compact, reliable, cost effective, and 
have a long lifetime and repetition rate. The main drawbacks of solid-state switches are their 
limited power rating and operation speed [2, 3]. 
Recently, significant advances in solid-state switches (both in peak power and operation 
speed) and exploiting power electronics techniques and topologies have led to compact, 
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efficient and more reliable pulsed power systems. The new developed solid-state switches 
such as IGBT (Insulated-Gate Bipolar Transistor) and Integrated Gate-Commutated Thyristor 
(IGCT) have high power rating [4], but their lower operation speed comparing with the gas-
state switches and high cost still put limits in the pulsed power supplies.  
One way to increase the pulsed power supply performance and cover the switch limits is to 
explore alternative circuit topologies. Varieties of circuit topologies such as Marx generators 
(MG) [5], pulse forming network (PFN) [6], magnetic pulse compressors (MPC) [7] and 
multistage Blumlein lines (MBL) [8] have been introduced. These topologies have been 
widely used in pulsed power supplies, but complexity, inflexibility and inefficiency are their 
main drawbacks [2, 9]. Interest in applying power electronics topologies and techniques to 
increase power supply efficiency and reliability is growing fast. In the last decade, research 
and studies designate the advantage of using DC-DC converters in pulsed power applications 
[3, 9, 10]. However, if one wants to generate extra high voltages, due to components hold-on 
voltage limits (such as capacitors, solid-state switches and etc), these schemes become 
ineffective. 
In addition to topology, another way is to combine power supplies. Variety of converter 
configurations have been introduced for improving the power supply specifications such as 
output ripple, high input voltage, output power ratings, etc [11, 12]. Parallel and series 
connections are one of the well known combinations. Designing power supplies based on 
series or parallel connection are widely employed for different applications [11, 12].  
This paper proposes parallel and series connections of flyback converter modules to 
develop power rating and rise time of the pulsed power supply using conventional low voltage 
switches. Flyback converter is selected due to its unique properties in pulsed power as it is 
discussed in the next section. The proposed approach is evaluated by numerical simulations, 
and the advantages of each configuration are indicated in comparison with a single module. 
The evaluated results indicate the effectiveness and efficiency of the proposed method. 
 
2.3. Topology 
The proposed approach utilized flyback topology, which is one of the well known 
topologies in the power electronics [13]. Conventional flyback converter is usually preferred 
as it is simple, has only one switch and magnetic component, is able to generate high voltage, 
can provide multiple outputs, isolation, etc [13, 14].  But when it comes to pulsed power 
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applications, in addition to the mentioned features, it has some more advantages which make it 
more suitable. Main features of a flyback converter for pulsed power applications are:   
 The transformer, in addition to electrical isolation and energy storage also steps down 
the reflected voltage across the switch; therefore lower voltage rate switches are needed 
comparing with other topologies. 
 Fault tolerant, as the switch is in the off-state during the output pulse. 
 High voltage output with low input DC voltage. 
 As the pulsed power applications mostly have R-C characteristics [9], a current source 
topology (such as flyback) is a suitable candidate. 
Considering above mentioned features the current source topology is selected for the 
proposed method. Here basic principle and operation modes of this converter are briefly 
described.  
The behaviour of a flyback converter can be realized by modelling the transformer with a 
simple equivalent circuit consisting of an ideal transformer, magnetizing inductance (Lm) and 
leakage inductance (Ll). Fig. 2.1 shows a flyback converter including the simple model of the 
transformer connected to a load. In this figure CO is the converter equivalent output 
capacitance. This capacitance can get affected in the case of an R-C load. It is to be mentioned 
that, to keep the analysis simple, following assumptions are made: 
1) The switch and diode are ideal (voltage drop across them is zero). 
2) The switch and diode output capacitances are zero. 
3) Conduction and switching losses are negligible. 
4) The transformer stray capacitances are negligible. 
Basically a flyback converter transfers energy from a source into the transformer 
magnetizing inductance when the switch is on, and then transfers the stored energy to the load 
while the switch is off. The proposed approach operates in the DCM (Discontinues 
Conduction Mode). The operating modes are briefly summarized for 4 different modes 
(illustrated in Fig. 2.2) below: 
Mode 1: In this mode the switch is in the on-state. As Fig. 2.2 depicts, the current flows 
through Lm and, during this stage, the energy is stored in the inductor. This mode lasts 
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depending on the duty cycle of the PWM signal. The relationship between Lm and Vs can be 
expressed as: 
s
m
m
s
m
msms
TD
I
L
TD
I
LV
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LV
.0.
0



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

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(2-1) 
where Vs is the dc supply voltage, Im is the maximum current, D is the duty cycle and Ts is the 
switching period. 
Mode 2: When the switch is turned off the magnetizing current circulates through the 
primary side of the transformer and the diode in the secondary side is turned on. As the switch 
is turned off the current flowing through Ll is decreased to zero, which induces voltage spike 
across the switch according to
dt
diLv ll  . This voltage may damage the switch if it exceeds 
the switch break down voltage level. A snubber can provide a path for this current and damps 
the spike to protect the switch [15]. 
Mode 3: The diode is turned on and the current stored in the magnetising inductance flows 
to the secondary side. The maximum voltage across the switch at this stage is: 
maxmax
1
)( osswitch v
n
Vv   (2-2) 
where, Vo is the maximum output voltage level and n is the transformer turns ratio. 
Mode 4: As the converter operates in DCM in this mode, all the stored energy in Lm is 
completely transferred to CO, causing the diode to get turned off.  
Lm
Vs
C0 Load
1 : n
Ll
Vo
+
-
 
 
Fig.  2.1 Flyback converter circuit with transformer equivalent circuit model. 
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Fig.  2.2 Operating modes in a flyback converter. 
 
2.4. Proposed Method 
High voltage pulses with fast rise-time are the two main important features of a pulsed 
power supply [1-3]. Fig. 2.3 illustrates the proposed method, which employs the advantage of 
parallel and series configuration of the pulsed power modules to increase the voltage level and 
the rise-time, while using the low-voltage switches. As the figure shows, the parallel and 
series connections are only considered for the secondary side of the converter. 
2.4.1.  Single Module 
To understand and compare the parallel and series configuration, first a single module 
characteristic is described. As mentioned, a flyback converter can operate as a current source. 
Therefore, circuit schematic shown in Fig. 2.1 is simplified as in Fig. 2.4 Comparing these two 
figures, the estimation of the output voltage can be summarized as below: 
First, as described earlier, the magnetizing inductance is charged by the DC power supply. 
The charged energy stored in the inductor Lm under ideal situation can be expressed as: 
2
2
1
mmpri ILE 
 
(2-3) 
This stored energy will be transferred to the output capacitor when the switch is in the off-
state. The capacitive stored energy is: 
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2
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2
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ooVCE 
 
(2-4) 
If a lossless system considered, then the stored energy in the primary side, Epri, is equal to 
the stored energy in the secondary side, Esec. Therefore, the output voltage can be derived 
based on equations (2-3) and (2-4) as: 
o
m
mo
C
L
IV 
 
(2-5) 
The rise time for the generated voltage is defined as dv/dt. When the switch is turned off, 
the magnetizing inductance current is at its peak value (Im). Since the current through a 
capacitor is proportional to the time-rate of the stored voltage, the rate of rise is: 
o
m
o
o
nC
I
C
I
dt
dv






 
(2-6) 
This equation is valid till the current through the capacitor is approximately constant; 
otherwise the rate of rise completely depends on the resonant frequency.  
The above equations show the effect of stored current level, magnetising inductance and 
the output capacitor on the generated output voltage and the rise-time. The idea of parallel and 
series configurations of the pulsed power modules is inspired by both equations (2-5) and (2-
6). 
 
2.4.2.  Parallel Modules  
Considering Fig. 2.3.(a) and the fact that each transformer is acting as a current source, the 
stored energy in the primary side is doubled when two modules are connected in parallel. This 
stored energy will be transferred to the output capacitors; hence considering (2-3) and (2-4) 
the output voltage magnitude and its rate of rise are as follows: 
 op
m
mparallelo C
L
IV 2
 
(2-7) 
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(2-8) 
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where Cop=Co1+Co2. Equations (2-7) and (2-8) indicate the importance of the output capacitor. 
Even if the modules are paralleled the output capacitance can affect the output voltage level 
and rise-time and keep them same as the single module. Therefore, the parallel configuration 
is beneficial in pulsed power applications when Cop=Co. This happens in the case of R-C load 
when the load capacitance is much bigger than the power supply output capacitance. 
Ll
Lm
Vs
1 : n
Co2
Ll
Lm
Vs
n : 1
Co1Load
Vo
+
-
 
(a) 
Ll
Lm
Vs
1 : n
Co1
Load
Ll
Lm
1 : n
Co2
Vo
+
-
 
 (b) 
Fig.  2.3 Flyback converter series and parallel connection (secondary side), a) Parallel, b) Series. 
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CoIo Vo
+
-
Load
 
Fig.  2.4 Energy transmission in a single module flyback converter. 
 
2.4.3.  Series Modules 
Second alternative is series connection of the pulsed power modules, as illustrated in Fig. 
2.3(b). Here, the injected energy to the output is also doubled. But as described, the generated 
voltage features also depend on the output capacitance. Taking into account the equations (2-
3) to (2-6), the output voltage magnitude and its rate of rise can be expressed as: 
os
m
mSerieso C
L
IV 2
 
(2-9) 
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I
dt
dv






 
(2-10) 
where Cos is Co1Co2/(Co1+Co2). Same as in parallel modules, in series modules, the output 
voltage level and rise time improve as the output capacitance decreases. Here the series 
modules are beneficial in both level of voltage and its rate of rise when Cos<Co. The influence 
of N modules and equivalent output capacitor (for two different cases) on the output voltage 
and rise time are summarized in Tables 2.1 and 2.2.  
As Fig. 2.3(b) shows, in the series connection each switch withstands its own module 
reflected output voltage, while in the parallel connection, each switch should tolerate the 
whole reflected output voltage. 
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Table  2.1 Output voltage and rate of rise when Co1=Co2=… CoN=Co. 
N Modules connected in oV  
dt
dv
 
Parallel 
Singleo
o
m
m V
C
L
I 
 Singleo
o
dt
dv
C
I







 
Series 
Singleo
o
m
m NV
C
L
NI 
 Singleo
o
dt
dv
N
C
I
N 





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Table  2.2 Output voltage and rate of rise when Cop=Cos=Co. 
N Modules connected in oV  
dt
dv
 
Parallel 
Singleo
o
m
m VN
C
L
IN 
 Singleo
o
dt
dv
N
C
I
N 






 
Series 
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o
m
m VN
C
L
IN 
 Singleo
o
dt
dv
C
I







 
This fact makes the series connected modules more appropriate for generating high voltage 
waveforms using low voltage switches. Therefore, (2-2) can be rewritten as below for N-series 
module: 
maxmax
1
)( osswitch v
Nn
Vv 
 
(2-11) 
 
2.4.4.  Operating Conditions  
The above mentioned calculations are correct if three important points are considered in the 
designing procedure of pulsed power modules. These are: 
1) The output capacitor should be completely discharged during each period; otherwise the 
whole stored energy in the magnetising inductor will not transfer to the capacitor. 
2) Synchronization of each switch gate signal is required. Delays between each module 
gate signal reduce the performance of the system.  
3) It is also important to consider the damping factor (ζ). As shown in Fig. 2.4, the entire 
circuit acts as a parallel RLC circuit (the current source is an inductor). Hence, the 
output voltage and the rise time are the results of the resonance effect of this circuit. 
The output voltage can be expressed as: 
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where s1 and s2 are given as: 
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here, 
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  is known as neper frequency and LC
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0  is the resonance frequency.  
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 )0(  are the primary conditions. Io is the stored current in the 
magnetizing inductor (Im=nIo) transferred to the secondary side. The coefficients A1 and A2 are 
determined by the primary conditions as: 
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Now depending on the damping factor coefficient can have two different values: 
Underdamped ζ <1 or  α < 0  ,  
C
L
R2
1
  
C
LI
A
2
0
1 
 
 
(2-15) 
 
Overdamped ζ >1 or  α > 0   
01 RIA   
(2-16) 
Equation (2-15) shows that if the circuit is in underdamped situation, then the generated 
voltage amplitude is independent of the load impedance, which is the situation where the 
proposed method is valid. But under overdamped condition as in (2-16), the output voltage 
amplitude depends on the load impedance and the initial current. Hence, in overdamped 
condition, the parallel connection has better performance. 
 
2.5. Simulation Results 
To verify the proposed method and the theoretical analysis, simulations under different 
conditions were carried out. Here the performance of parallel and series flyback configurations 
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(Fig. 2.3) is compared with a single flyback converter (Fig. 2.1). The software that was used 
for simulation was Matlab 7.10. Table 2.3 shows the parameters value used in simulation 
corresponding to Fig. 2.1. In order to make the simulation results more close to reality, the 
transformer core and copper losses (Rc and Rw) are also considered.  
To evaluate the proposed method in developing the features of a single module pulsed 
power supply, four distinct cases are considered. Case 1 and 2 have been conducted regarding 
the conditions presented in Table 2.1 and 2.2, respectively. In these cases, to simulate a plasma 
phenomenon, the load gets connected to the output after the output voltage reaches to a certain 
voltage level (threshold) [9]. The different parameters in each case are indicated in Table 2.4. 
Like all other methods, the proposed method has its own drawbacks under certain 
conditions. These conditions, mentioned as operating conditions in the previous section, are 
considered in Case 3 and 4. In Case 3 the consequence of unsynchronized gate signals on the 
system performance is described. Finally, in Case 4 the effect of damping factor on the 
generated pulses is examined. Except in Case 4 for all the other cases a 1kΩ resistor is 
selected as the load. 
Table  2.3 Simulation Parameters 
Vs 
(v) 
Fs 
(kHz) 
D 
(%) 
Lm 
(µH) 
Llp 
(µH) 
Lls 
(mH) 
Rc 
(kΩ) 
Rw1,2 
(Ω) 
n 
10 1 8.9 160 2  4  1  0.1 10 
 
Table  2.4 Simulation Parameters in Case 1 and 2 
Parameters Value Case1 Case2 
Single Parallel Series Single Parallel Series 
Threshold 1000v 1000v 1978v 1000v 1410v 1410v 
Co 4nF 8nF 2nF 4nF 4nF 4nF 
Co1=Co2  4nF 4nF  2nF 8nF 
 
2.5.1.  Case1 
In this case the performance of parallel and series connections of two identical power 
supplies is compared with the single one. Therefore, in this case the output capacitor of each 
module is equal.  
Regarding the capacitor value mentioned in Table 2.4, 4nF for each module, the equivalent 
capacitance of the series and parallel modules are equal to 2nF and 8nF, respectively. Fig. 2.5 
shows the obtained output voltage waveform. As can be seen in the series connection, both 
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voltage level and rate of rise are increased with the factor of N, (N=2 is considered here). This 
has been shown in the analysis of section 2.3 and Table 2.1. 
Regarding (2-2) and (2-11) the reflected voltage across the switches is about 110V for both 
parallel and series modules. This shows ability of the proposed method in generating high 
voltages with low voltage switches. So, it is possible to benefit from ultrafast switches, as 
switch operation speed increases when its hold-on voltage decreases. 
As the rate of charging is in terms of a time constant RC; hence, as illustrated in the figure, 
series connection discharging time is shorter than the parallel and single modules. 
2.5.2.  Case2 
If the load capacitance, which is paralleled with the power supply output, is much bigger 
than the power supply output capacitance, then the entire single, parallel and series modules 
will have the same equivalent output capacitance.  In this case the output capacitance of all 
modules is considered to be equal to 4nF (see Table 2.4). As depicted in Fig. 2.6, both parallel 
and series modules have same voltage level but the parallel connection shows better 
performance in the case of dv/dt. 
 
Fig.  2.5 Output voltage waveform of single, parallel and series modules in Case1 (Co1=Co2=Co). 
 
 
Fig.  2.6 Output voltage waveform of single, parallel and series modules in Case2 (Cop=Cos=Co). 
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2.5.3.  Case3 
Due to differences in semiconductor characteristics and the gate drive circuits, it is quite 
important to select identical devices and synchronize the gate signals. Here the same situation 
in Case 2 is selected, but 0.2ms delay between gate signals is considered to show the effect. 
Fig. 2.7 shows the generated output voltage for parallel and series modules. As can be seen the 
output amplitude never reached to the threshold value. Therefore the load is not connected, so 
the capacitors are not completely discharged. This creates another problem since the entire 
energy in the magnetizing inductor is not fully transferred to the capacitor and the mentioned 
equations for estimating the output voltage are not valid. 
 
2.5.4.  Case4 
In some applications, the load has low impedance like discharge plasmas in water [3]. In 
these cases damping factor plays important role in system performance as it discussed in part 
D of the previous section.  
Here the series and parallel modules are considered, same as in Case 1, but RL = 100Ω is 
directly connected. This value puts the all three power supplies in the overdamped condition. 
As Fig. 2.8 illustrates the parallel modules show better performance, while series module had 
far better performance in Case1 when the system was underdamped. This means that all the 
mentioned features about parallel and series connections are valid when the system is 
underdamped (see (2-15)). The overdamping effect of the load can be seen as the output 
voltage levels are dropped tremendously compared to those in Case 1. Because when the load 
resistance decreases, the time constant, τ=L/R, increases, and hence the inductor energy is not 
completely transferred to the output capacitor. The easiest way to overcome this problem, 
considering ζ in (2-15), is increasing the output capacitance. 
 
Fig.  2.7 Output voltage waveform of single, parallel and series modules with 0.2ms delay between modules gate 
signals. 
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Fig.  2.8 The effect of the load and the damping factor on the system performance. 
 
2.6. Conclusion 
This paper demonstrates the advantages of parallel and series configuration of flyback 
converters for pulsed power applications. The proposed method aims at increasing the voltage 
level and rise time of the generated pulses using conventional low voltage switches. In this 
method the flyback converter topology is employed as it shows beneficial characteristics 
especially for pulsed power applications. The proposed method is evaluated under different 
circumstances and obtained simulation results indicate the effectiveness of the approach.  
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Abstract— To cover wide range of pulsed power applications, this paper proposes a 
modularity concept to improve the performance and flexibility of the pulsed power supply. 
The proposed scheme utilizes the advantage of parallel and series configurations of flyback 
modules in obtaining high voltage levels with fast rise time (dv/dt). Prototypes were 
implemented using 600V IGBTs (Insulated-Gate Bipolar Transistor) switches to generate up 
to 4 kV output pulses with 1 kHz repetition rate for experimentation. To assess the proposed 
modular approach for higher number of the modules, prototypes were implemented using 
1700V IGBTs switches, based on 10 series modules, and tested up to 20kV. Conducted 
experimental results verified the effectiveness of the proposed method.   
 
3.1. Index Terms 
Pulsed power, Flyback converter, Parallel and series connection, High voltage pulse 
 
3.2. Introduction 
Rapid release of stored energy as electrical pulses into a load can result in delivery of large 
amounts of instantaneous power over a short period. This strategy is called pulsed power [1]. 
To generate such pulses variety of research and studies have been conducted in pulsed power 
area. The most prominent part of a pulsed power system is the utilized switch and topology. 
This means that the whole system characteristics such as rise time, repetition rate, voltage 
rating, cost, life time, etc, depend on the designed topology and employed switches 
specifications.   
Gas-state and magnetic switches have been widely used in pulsed power technology, as 
they possess a very high electric strength and fast rise time [2]. Gas-state switches require 
special operating conditions such as high pressure, vacuum equipments and gas supplies. In 
addition, they are bulky, unreliable, have short lifetime span and low repetition rate. Even with 
the magnetic switches, which have a higher repetition rate, the problems remain. These 
conditions limit the mobility, efficiency and increase the cost and the size of the pulsed power 
system [2, 3]. On the other hand, solid-state switches are compact, reliable, cost effective, and 
have a long lifetime and repetition rate. The main drawbacks of solid-state switches are their 
limited power rating and operation speed [2, 3]. 
Recently, significant advances in solid-state switches (both in peak power and operation 
speed) and exploiting power electronics techniques and topologies have led to compact and 
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more reliable pulsed power systems. The new developed solid-state switches such as IGBT 
and Integrated Gate-Commutated Thyristor (IGCT) have high power rating, but their lower 
operation speed comparing with the gas-state switches and high cost still put limits in the 
pulsed power supplies [2, 4-6]. For example 5SHY42L6500 which is one of the recent 
developed IGCT switches can handle voltage up to 6.5kV and its rise time is 1µs [6], while 
GP-81B (triggered spark gap) break down voltage is 120kV with 200ns rise time [7].   
Topologies are considered not only as an alternative way to overcome the switch limits but 
also in developing flexible and compact systems. Varieties of circuit topologies such as Marx 
generators (MG) [8], pulse forming network (PFN) [9], magnetic pulse compressors (MPC) 
[10] and multistage Blumlein lines (MBL) [11] have been introduced. These topologies have 
been widely used in pulsed power supplies, but complexity, inflexibility and inefficiency are 
their main drawbacks [2, 12]. Interest in applying power electronics topologies and techniques 
to increase power supply flexibility and reliability is growing fast. In the last decade, research 
and studies designate the advantage of using DC-DC converters in pulsed power applications 
[12, 13]. However, generation of extra high voltages is still problematic due to components 
hold-on voltage limits (such as capacitors, solid-state switches and etc). 
Another solution is to combine power supplies. Variety of converter configurations have 
been introduced for improving the power supply specifications such as output ripple, high 
input voltage, output power ratings, etc [14, 15]. Parallel and series connections are one of the 
well known combinations. Designing power supplies based on series or parallel connection are 
widely employed for different applications [14, 15].  
This paper proposes parallel and series connections of flyback converter modules to 
develop power rating and rise time of the pulsed power supply using conventional low voltage 
switches. It is to be noted that the proposed idea is applied to the secondary sides of the pulsed 
power modules, while the primary sides are connected in parallel due to the current sharing 
purpose. The proposed scheme is flexible in increasing the output power and voltage due to its 
modular design. Flyback converter is selected due to its unique properties in pulsed power as 
is discussed in the next section. Taking the advantage of the parallel connection of the primary 
side, it is possible to employ low current rate switches. 
The proposed approach is evaluated based on two separate experimentations. In the first 
experiment the efficiency of parallel and series configurations theory are evaluated through 
two experimental setups. To insure applicability of the proposed modular approach, in terms 
of performance and higher number of the modules, generating 20kV output voltage using 10 
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series flyback modules is presented. The evaluated results indicate the effectiveness of the 
proposed method. 
 
3.3. Topology 
The proposed approach utilizes flyback converter, which is one of the well known 
topologies in the power electronics [16]. Conventional flyback converter is usually preferred 
as it is simple, has only one switch and magnetic component, is able to generate high voltage, 
can provide multiple outputs, isolation, etc [16, 17].  But when it comes to pulsed power 
applications, in addition to the above-mentioned features, it has some more advantages which 
make it more suitable. Main features of a flyback converter for pulsed power applications are:   
 The transformer, in addition to electrical isolation and energy storage also steps down the 
reflected voltage across the switch; therefore lower voltage rate switches are needed 
unlike other topologies. 
 Fault tolerant, as the switch is in the off-state during the output pulse. 
 High voltage output with low input DC voltage. 
 As the pulsed power applications mostly have R-C characteristics [12], a current source 
topology (such as flyback) is a suitable candidate. 
 Suitable for controlling the energy flow as it acts as both current source and voltage 
source. 
Below basic principle and operation modes of this converter are briefly described.  
The behaviour of a flyback converter can be realized by modelling the transformer with a 
simple equivalent circuit consisting of an ideal transformer, magnetizing inductance (Lm) and 
leakage inductance (Ll). Fig. 3.1 shows a flyback converter including the simple model of the 
transformer connected to a load. In this figure CO is the converter equivalent output 
capacitance. This capacitance can get affected in the case of an R-C load. It is to be mentioned 
that, to keep the analysis simple, following assumptions are made: 
1. The switch and diode are ideal (voltage drop across them is zero). 
2. The switch and diode output capacitances are zero. 
3. Conduction and switching losses are negligible. 
4. The transformer stray capacitances are negligible. 
Chapter 3  
 
138 
 
Lm
Vs
C0 Load
1 : n
Ll
Vo
+
-
 
Fig.  3.1 Flyback converter circuit with transformer equivalent circuit model. 
Basically a flyback converter transfers energy from a source into the transformer 
magnetizing inductance when the switch is on, and then transfers the stored energy to the load 
while the switch is off. The proposed approach operates in the DCM (Discontinues 
Conduction Mode). The operating modes are briefly summarized for 4 different modes 
(illustrated in Fig. 3.2) below: 
Mode 1: In this mode the switch is in the on-state. As Fig. 3.2 depicts, the current flows 
through Lm and, during this stage, the energy is stored in the inductor. This mode lasts 
depending on the duty cycle of the PWM (Pulse Width Modulation) signal. The 
relationship between Lm and Vs can be expressed as: 
s
m
m
s
m
msms
TD
I
L
TD
I
LV
t
i
LV
.0.
0






  (3-1) 
where Vs is the dc supply voltage, Im is the maximum current, D is the duty cycle and Ts 
is the switching period. 
Mode 2: When the switch is turned off the magnetizing current circulates through the 
primary side of the transformer and the diode in the secondary side is turned on. As the 
switch is turned off the current flowing through Ll is decreased to zero, which induces 
voltage spike across the switch according to
dt
diLv ll  . This voltage may damage the 
switch if it exceeds the switch break down voltage level. To overcome this problem a 
snubber can provide a path for this current and damps the spike to protect the switch 
[18] or Ll can be reduced by employing optimum transformer design. This transient 
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state is considered as one of the operating modes due to its importance (protecting the 
switch) and understanding the procedure of the next operating mode. 
Mode 3: The stored current in the magnetising inductance flows fully to the secondary side 
of the transformer and charges the output capacitor. At this stage the converter is acting 
as a current source. The maximum voltage across the switch at this stage is: 
maxmax
1
)( osswitch v
n
Vv   (3-2) 
where, vomax is the maximum output voltage level and n is the transformer turns ratio. 
Mode 4: As the converter operates in DCM, in this mode all the stored energy in Lm is 
completely discharged to the capacitor, causing the diode to get turned off. Here the 
converter is a voltage source and a high level of the voltage is applied to the load. 
Ll
Lm
Vs
1 : n
LoadC0
Vs Vs
Mode 1
Mode 3 Mode 4
1 : n
C0
Mode 2
Ll
Lm
Vs
Load
Lm Lm
Ll Ll
1 : n 1 : n
C0 C0Load Load
Vo
+
-
Vo
+
-
Vo
+
-
Vo
+
-
 
Fig.  3.2 Operating modes in a flyback converter. 
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3.4. Proposed Method 
High voltage pulses with fast rise-time are the two main important features of a pulsed 
power supply [1-3]. Fig. 3.3 illustrates the proposed method, which employs the advantage of 
parallel and series configuration of the pulsed power modules to increase the voltage level and 
the rise-time, while using the low-voltage switches. As the figure shows, the parallel and 
series connections are only considered for the secondary side of the converter. 
Ll
Lm
Vs
1 : n
Co2
Ll
Lm
n : 1
Co1Load
Vo
+
-
Converter (1)Converter (2)
 
 (a) 
Ll
Lm
Vs
1 : n
Co1
Load
Ll
Lm
1 : n
Co2
Vo
+
-
Converter (2)
Converter (1)
 
(b)  
Fig.  3.3 Flyback converter series and parallel connection (secondary side), a) Parallel, b) Series. 
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3.4.1.  Single Module 
To understand and compare the parallel and series configuration, first a single module 
characteristic is described. As mentioned, a flyback converter can operate as a current source.  
CoIo Vo
+
-
Load
 
Fig.  3.4 Energy transmission in a single module flyback converter. 
Therefore, circuit schematic shown in Fig. 3.1 is simplified as in Fig. 3.4. Comparing these 
two figures, the estimation of the output voltage can be summarized as below: 
First, as described earlier, the magnetizing inductance is charged by the DC power supply. 
The charged energy stored in the inductor Lm under ideal situation can be expressed as: 
2
2
1
mmpri ILE   (3-3) 
Regarding (3-1) and (3-3) it is possible to control the energy flow in each pulse by limiting 
the Im which can be done by varying the duty cycle or the input voltage. This stored energy 
will be transferred to the output capacitor when the switch is in the off-state. The capacitive 
stored energy is: 
2
sec
2
1
ooVCE   (3-4) 
If a lossless system considered, then the stored energy in the primary side, Epri, is equal to 
the stored energy in the secondary side, Esec. Therefore, the output voltage can be derived 
based on equations (3-3) and (3-4) as: 
o
m
mo
C
L
IV   (3-5) 
The rate of rise for the generated voltage is defined as dv/dt. When the switch is turned off, 
the magnetizing inductance current is at its peak value (Im). Since the current through a 
capacitor is proportional to the time-rate of the stored voltage, the rate of rise is: 
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o
m
o
o
nC
I
C
I
dt
dv






 (3-6) 
This equation is valid till the current through the capacitor is approximately constant; 
otherwise the rate of rise completely depends on the resonant frequency.  
The idea of parallel and series configurations of the pulsed power modules is inspired by 
both equations (3-5) and (3-6), as these equations show the effect of stored current level, 
magnetising inductance and the output capacitor on the generated output voltage and the rise-
time.  
3.4.2.  Parallel Modules  
Considering Fig. 3.3(a) and the fact that each transformer acts as a current source, the 
stored energy in the primary side is doubled when two modules are connected in parallel. This 
stored energy will be transferred to the output capacitors; hence considering (3-3) and (3-4) 
the output voltage magnitude and its rate of rise are as follows: 
 
op
m
mparallelo C
L
IV 2  
(3-7) 
 
op
o
Parallel C
I
dt
dv 2






 (3-8) 
 
where Cop=Co1+Co2. Equations (3-7) and (3-8) indicate the importance of the output capacitor. 
Even if the modules are paralleled, the output capacitance can affect the output voltage level 
and rise-time and can keep the performance same as a single module. Therefore, the parallel 
configuration is beneficial in pulsed power applications when Cop=Co. This happens in the 
case of R-C load when the load capacitance is much bigger than the power supply output 
capacitance. 
3.4.3.  Series Modules 
Second alternative is series connection of the pulsed power modules, as illustrated in Fig. 
3.3(b). Here, the injected energy to the output is also doubled. But as described, the generated 
voltage features also depend on the output capacitance. Taking into account the equations (3-
3) to (3-6), the output voltage magnitude and its rate of rise can be expressed as: 
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os
m
mSerieso C
L
IV 2  (3-9) 
 
os
o
Series C
I
dt
dv






 (3-10) 
where Cos is 
o2o1
o2o1
CC
CC

. In series modules, same as in parallel modules, the output voltage 
level and rise time improve as the output capacitance decreases. Here the series modules are 
beneficial in both level of voltage and its rate of rise when Cos<Co.  
In pulsed power applications two different cases may occur. One is when the load 
capacitance is lower than the output capacitance of the pulsed power supply. In this situation 
series modules exhibit better performance as illustrated in Table 3.1. The second case is when 
the load has much higher capacitance, therefore all series, parallel and single modules have 
same output capacitance. Under this circumstance the parallel connection has better 
performance (see Table 3.2). 
Hence, depending on the load capacitance one of the modules is beneficial to use. 
Regarding the voltage level and rate of rise as presented in Table 3.1 and 3.2, it is possible to 
generate wide range of voltage levels and improve dv/dt by connecting N modules in series or 
parallel. This feature increases the flexibility of the pulsed power supply in varied 
applications. 
Table  3.1 Output voltage and rate of rise when Co1=Co2=… CoN=Co. 
N Modules connected in o
V  
dt
dv  
Parallel 
Singleo
o
m
m V
C
L
I   
Singleo
o
dt
dv
C
I






  
Series 
Singleo
o
m
m NV
C
L
NI   
Singleo
o
dt
dv
N
C
I
N 





  
 
Table  3.2 Output voltage and rate of rise when Cop=Cos=Co. 
N Modules connected in o
V  
dt
dv
 
Parallel Singleo
o
m
m VN
C
L
IN 
 
Singleo
o
dt
dv
N
C
I
N 





  
Series 
Singleo
o
m
m VN
C
L
IN 
 
Singleo
o
dt
dv
C
I






  
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In addition, regarding (3-1) and the calculated output voltages in Table 3.1 and 3.2, the output 
voltage can be easily adjusted for the required level whether by Vin or D. For example (3-11) 
shows the output voltage of series module based on the results presented in Table II as:  
            .TD
CL
V
NV
om
in
o   (3-11) 
Usually this adjustment is performed by limiting the current by selecting suitable duty cycle 
(D). But Im should be calculated in a way that Im<Isat, where Isat is the current saturation level 
of the transformer. 
As Fig. 3.3(b) shows, in the series connection each switch withstands its own module 
reflected output voltage, while in the parallel connection; each switch should tolerate the 
whole reflected output voltage. This fact makes the series connected modules more 
appropriate for generating high voltage waveforms using low voltage switches. Therefore, (3-
2) can be rewritten as below for N-series module: 
maxmax
1
)( osswitch v
Nn
Vv   (3-12) 
By comparing Fig. 3.3(a) and (b) it is obvious that the idea of parallel and series 
connections of the flyback modules is applied to the secondary side, while the primary sides 
for both cases are paralleled. The main advantage of paralleling the primary side of the pulsed 
power modules are: current sharing so the proposed idea is applicable for high power 
applications, reducing the number of the power supplies to one at the input side and ability to 
employ low current rating switches. 
 
3.4.4.  Operating Conditions  
The above mentioned calculations are correct if three important points are considered in the 
designing procedure of the pulsed power modules. These are: 
1) The output capacitor should be completely discharged during each period; otherwise the 
whole stored energy in the magnetising inductor will not transfer to the capacitor. 
2) Synchronization of each switch gate signal is required. Delays between each module gate 
signal reduce the performance of the system. This is important when higher number of 
modules is used.  
3) The damping factor (ζ): 
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As shown in Fig. 3.4, the entire circuit acts as a parallel RLC circuit (the current source is 
an inductor). Hence, the output voltage and the rise time are the results of the resonance effect 
of this circuit. The output voltage can be expressed as: 
tsts
o eAeAtV
21
21)( 
 
(3-13) 
where s1 and s2 are given as: 
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are determined by the primary conditions as: 
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Now depending on the damping factor coefficient can have two different values: 
Underdamped ζ <1 or  α < 0 ,  
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Overdamped ζ >1 or  α > 0
  
01 RIA 
 
(2-17) 
Equation (3-16) shows that if the circuit is underdamped, the generated voltage amplitude 
is independent of the load impedance, which is the situation in which the proposed method is 
valid. But under overdamped condition as in (3-17), the output voltage amplitude depends on 
the load impedance and the initial current. Hence, in overdamped condition, the parallel 
connection has better performance. 
In Fig. 3.5, the effect of damping factor on the output voltage and rise time is illustrated. A 
decreasing damping factor results in a higher voltage level and faster rise time. 
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Fig.  3.5 Effect of damping ratio on output voltage and rate of rise in a single flyback module. 
Considering the above mentioned features, this effect should be considered especially in 
low impedance applications such as the liquid discharge. Therefore, regarding the mentioned 
characteristics, the proposed method is more beneficial for high impedance-capacitive load 
such as DBD (Dielectric Barrier Discharge) loads. 
 
3.5. Experimental Results and Discussion 
In this section the proposed idea has been evaluated based on practical experimentations. In 
the first set of experimental results the idea of parallel and series configurations is evaluated 
based on two flyback modules. In the second part, in order to assess the proposed method for 
higher number of the modules, the obtained results of a high voltage prototype based on 10 
series flyback modules is presented. 
 
3.5.1.  Evaluating Parallel and Series Configurations  
Two laboratory prototypes for parallel and series connections, based on single module 
flyback converter are implemented, to investigate performance of the proposed method 
practically. Fig. 3.6 shows the experimental hardware setup for two flyback modules. Here 
600V IGBT modules, SK25GB065, are used as power switches. Semikron Skyper 32-pro gate 
drive modules are utilized to drive the IGBTs and provide the necessary isolation between the 
switching-signal ground and the power ground. Four 1000 V diodes, STTH3010, are 
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connected in series for each module. A Texas Instrument TMSF28335 DSC (Digital Signal 
Controller) is used for PWM signal generation. Two step-up transformer with an UU100 core 
3C90 grade material ferrite from Ferroxcube, are designed with N1 = 4 and N2 = 40. 
Magnetizing inductance and leakage inductance of each transformer is approximately equal to 
152µH and 1.6µH, respectively. Here a 5nF capacitor is placed across the switch to damp the 
voltage spikes caused by leakage inductance. The circuit is implemented with Vs = 17V, fs = 1 
kHz, 15% duty cycle and resistive load of 20kΩ. 
To verify the proposed method and the theoretical analysis, experimental evaluations under 
two different conditions (Case 1 and 2) are carried out. Both cases have been conducted 
regarding the conditions presented in Table 3.1 and 3.2, respectively.   
 
 
Fig.  3.6 Hardware setup for two flyback modules. 
 
3.5.1.1.  Case1 
In this case the performance of parallel and series connections of two identical power 
supplies is compared with the single one. Therefore, the output capacitor of each module is 
equal (2.35nF for each module). So the equivalent capacitance of the series and parallel 
modules are equal to 1.175nF and 4.7nF, respectively.  
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Fig. 3.7 depicted the measured results. Fig. 3.7(a) shows the current sharing at the primary 
sides. Due to parallel connection of the primary sides, in both parallel and series 
configurations, the current is approximately equally shared between the two modules. As 
mentioned before, parallel connection at the primary sides makes the proposed method 
independent from using high current rate switches. 
The voltage pulses, in Fig. 3.7(b), illustrate the better performance of series connection 
over the other connections in both voltage level and rate of rise. In series modules the 
maximum voltage level and rate of rise are 4.02 kV and 608 V/µs, respectively. While the 
parallel and single modules achieved approximately same level of the voltage (2.37 kV) and 
rate of rise (304 V/µs). As can be seen, the series modules performance is around 1.7 and 2 
times better than the other modules in voltage level and rate of rise, respectively. From the 
aforementioned theoretical analysis the performance of the series modules in voltage level 
expected to be 2 times better, this difference is due to the resonance and dissipation happening 
in the practical circuit. As the rate of charging is in terms of a time constant RC; hence, as 
illustrated in the figure, series connection discharging time is shorter than the parallel and 
single modules. 
The voltage across the switch, shown in Fig. 3.8, in series connection is same as the other 
modules, while series module generates higher level of voltage. This shows ability of the 
series modules in generating high voltages with low voltage switches (see (3-12)). However, 
as the figure shows the resonance appeared across the switch should be considered too. This 
issue which mainly causes by stray capacitances and inductances of the transformer can be 
reduced by proper transformer design and fabrication. 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 3  
 
149 
 
Module1 primary current 
 
Module2 primary current 
 
(a) 
 
 (b) 
Fig.  3.7  (a) current sharing at the primary side for both parallel and series connections, (b) output voltage 
waveform of single, parallel and series modules in Case1 (Co1=Co2=Co). 
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Fig.  3.8 Voltage across the switches in Case1. 
Fig. 3.9 depicts voltage stress across the output diodes. As can be seen the reverse blocking 
voltage of the diodes in series connection modules are less than the other ones while it is 
operating at higher voltage level. This is due to the fact that each module in series connection 
sees the output voltage divided by the number of the modules. This is another advantage of 
series connection, because in the parallel connection module’s diode should withstand the 
whole generated output voltage. It is also important to consider the current rating of the diodes 
for high power applications. 
 
Fig.  3.9 Voltage across the diodes in Case1. 
3.5.1.2.  Case2 
If the load capacitance is much higher than the power supply output capacitance, then all of 
the single, parallel and series modules will have the same equivalent output capacitance.  In 
this case the output capacitance of all modules is considered to be equal to 4.7nF. As depicted 
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in Fig. 3.10, single module maximum voltage level is 1.72 kV and both parallel and series 
modules obtained same voltage levels (2.37kV). But the parallel connection has better rate of 
rise (304V/µs) compared to the two other modules (162 V/µs). 
 
Fig.  3.10 Output voltage waveform of single, parallel and series modules in Case2 (Cop=Cos=Co). 
Although in this case parallel configuration shows better performance, but as its circuit 
components should with-stand higher level of voltages compared to the series connection, the 
use of the series modules is more convenient.  
 
3.5.2.  High Voltage Modular Power Supply 
To insure applicability of the proposed approach for a modular power supply, series 
configuration is applied for 10 flyback modules. Fig. 3.11 illustrated the block diagram of the 
implemented hardware setup. To decrease the number of switches, depending on the switch 
power ratings, a set of modules (here 5) is controlled with one switch. The transferred energy 
to the load can be controlled by monitoring the primary stored energy. This is done through 
limiting the input current by changing the duty cycle of the PWM signal in (3-1). As Fig. 3.11 
shows, a current sensor is used for monitoring the input current. The experimental hardware 
setup for 10 series flyback modules is depicted in Fig. 3.12. 1700V IGBT modules 
(SKM200GB176D) are used as power switches. Same gate drive modules and controller setup 
are used for this experiment as the former one. Also same configurations for the transformers 
are used except here the number of the cores per transformer is reduced to one. A HX10-NP is 
used as the current transducer (CT).  
Regarding the selected components each module is able to generate up to 4kV, which 
makes the whole system capable of generating up to 40kV. The circuit is implemented with 
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fs=1kHz and VS=10V and 10% duty cycle. Each module has a 470pF capacitor (CO) and a 
1MΩ high power resistor was connected as a load.  
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Fig.  3.11 Block diagram of the implemented setup. 
 
 
Fig.  3.12 Hardware setup for 10-series flyback modules. 
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Fig.  3.13 Measured output voltage of 10 series modules (VLoad) and a single module (Vo1). 
Fig. 3.13 shows the measured practical results when the generated voltage is applied to a 
resistive load. As can be seen from Fig. 3.13 the voltage pulse of the series modules obtained 
the peak amplitude of 20.8kV, while the single module has the peak voltage of 2.15kV. The 
measured output voltage shows the rate of voltage rise of 8kV/µs in the series connection. The 
peak voltage level and rate of voltage rise indicate approximately the 10 times (number of 
series modules) better performance in comparison with a single module. 
 
3.6. Conclusion 
This paper demonstrates the advantages of parallel and series configuration of flyback 
converters for pulsed power applications. The proposed method aims at increasing the voltage 
level and rise time of the generated pulses while emphasizing on the modularity concept. By 
employing parallel and series connections it is possible to generate wide range of voltage 
levels with improved rate of rise. 
In this method the flyback converter topology is employed as it shows beneficial 
characteristics especially for pulsed power applications.  The proposed method was evaluated 
through two different hardware setups. Two prototypes capable of generating up to 4 kV to 
prove the proposed parallel and series configurations theory were used as the first experiment. 
In the second experiment the idea of modularity and employing higher number of the modules 
were evaluated, by implementing a series connection of 10 flyback modules and tested up to 
20kV. The experimentations and analysis demonstrated that the proposed scheme is beneficial 
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for high impedance-capacitive loads. Generally series modules show better performance, as 
the parallel modules has more constraints due to its circuit components blocking voltage level.  
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Abstract — Advances in solid-state switches and power electronics techniques have led to the 
development of compact, efficient and more reliable pulsed power systems. This paper 
proposes an efficient scheme that utilizes modular switch-capacitor units in obtaining high 
voltage levels with fast rise time (dv/dt) using low voltage solid-state switches. The proposed 
pulsed power supply has flexibility in terms of controlling energy and generating broad range 
of voltage levels. The energy flow can be controlled as the stored energy can be adjusted by a 
current source utilized at the first stage of the system. Desirable voltage level can be obtained 
by connecting adequate number of switch-capacitor units. Moreover, the proposed topology is 
load independent. Therefore it can easily supply wide range of applications especially the low 
impedance ones. The effectiveness of the proposed approach is verified by simulations. 
 
4.1. Keywords 
Pulsed power supply, Current source, High voltage generator, Power Converter control  
 
4.2. Introduction 
Rapid release of stored energy as electrical pulses into a load can result in delivery of large 
amounts of instantaneous power over a short period. This strategy is called pulsed power [1]. 
Generally, a pulsed power system consists of three main parts: energy storage, pulse generator 
and load. The most prominent part of a pulsed power system is the pulse generator, which is 
based on utilized switch and topology. Hence, the switch is the connecting device between the 
storage and the load. This means that the whole system characteristics such as rise time, 
repetition rate, voltage rating, efficiency, cost, life time, etc, depend on the employed switch 
specifications.  
Gas-state and magnetic switches have been widely used in pulsed power technology, as 
they possess a very high electric strength and fast rise time [2]. Gas-state switches require 
special operating conditions such as high pressure, vacuum equipments and gas supplies. In 
addition, they are bulky, unreliable, have short lifetime span and low repetition rate. Even with 
the magnetic switches, which have a higher repetition rate, the problems remain. These 
conditions limit the mobility, efficiency and increase the cost and the size of the pulsed power 
system [2], [3]. On the other hand, solid-state switches are compact, reliable, cost effective, 
and have a long lifetime and repetition rate. The main drawbacks of solid-state switches are 
their limited power rating and operation speed [2], [3]. 
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Recently, significant advances in solid-state switches (both in peak power and operation 
speed) and exploiting power electronics techniques and topologies have led to compact, 
efficient and more reliable pulsed power systems. The new developed solid-state switches 
such as Insulated-Gate Bipolar Transistor (IGBT) and Integrated Gate-Commutated Thyristor 
(IGCT) have high power rating [4], but their lower operation speed comparing with the gas-
state switches and high cost still put limits in the pulsed power supplies.  
One way to increase the pulsed power supply performance and cover the switch limits is to 
explore alternative circuit topologies. Varieties of circuit topologies such as Marx generators 
(MG) [5], pulse forming network (PFN) [6], magnetic pulse compressors (MPC) [7] and 
multistage Blumlein lines (MBL) [8] have been introduced. These topologies have been 
widely used in pulsed power supplies, but complexity, inflexibility and inefficiency are their 
main drawbacks [2], [9]. Interest in applying power electronics topologies and techniques to 
increase power supply efficiency and reliability is growing fast. In the last decade, research 
and studies designate the advantage of using converters in pulsed power applications [3], [9-
11]. 
Pulsed power applications present one of the most varied ranges of loads in terms of load 
behavior and impedance. Hence, various load conditions adversely affect the power supply 
flexibility. Regarding this, it is desirable to have flexible pulsed power supply that can cover 
varied range of applications. This flexibility comes in terms of: adjustable output voltage, 
controlling the flow of energy and repetition rate. Moreover, the generated voltage pulse 
waveform must be load independent [11]. This is quite important especially in the low 
impedance applications such as in water discharge.  
To achieve all the mentioned features, this paper proposes an efficient scheme that utilizes 
modular switch-capacitor units in obtaining high voltage levels with fast rise time (dv/dt) 
using low voltage solid-state switches. The proposed pulsed power supply has flexibility in 
terms of controlling input energy and generating broad range of voltage levels. The energy 
flow can be controlled by adjusting the utilized current source at the first stage of the system 
and desirable voltage level can be obtained by connecting adequate number of switched-
capacitor units. The proposed topology is able to operate independently from the load while 
preserving high repetition rate. Moreover, the control algorithm is designed in a way that it 
can prevent from any possible faults and protect the system from the over-voltage. 
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Fig.  4.1 Proposed pulsed power topology for n level switch-capacitor units. 
 
4.3. Topology 
Fig. 4.1 illustrates the proposed method with a brief controlling algorithm scheme. Generally, 
as can be seen the proposed topology consists of three different stages. The first stage is a 
positive buck-boost converter as a current source and the energy storage section. The next 
stage is the switch-capacitor units, which generates the required voltage level and acts as a 
pulse generator, and the last stage is the load. 
In order to have a flexible pulsed power supply, here the positive buck-boost converter 
control the amount of stored energy by employing appropriate duty cycle for Si and SV. The 
desirable voltage level can be obtained by connecting adequate number of switch-capacitor 
units in series. This feature also makes the system capable of taking the advantage of 
employing low voltage switches, as lower voltage rating switches have intrinsically better 
behavior [12].  
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In addition to the common aforementioned three sections, this topology utilizes a load 
switch for low impedance applications such as water decontamination in which it disconnects 
the load from the pulsed power supply before the required voltage level is obtained. This 
makes this topology load independent, because while the switch-capacitor units are charging it 
is not connected to the load. In order to preserve a same break down voltage for the load 
switch as the other switches, the switching signals need to be controlled precisely.  
 
4.4. Control Strategy and Operating Modes  
Effective algorithms are considered to define the turn on and off procedures of the power 
switches. Fig. 4.2 and Fig. 4.3 illustrate the operating modes of the proposed topology 
regarding the designed control algorithm. 
 
4.4.1.  Current & Voltage Control  
The output current of the positive buck-boost converter need to be adjusted on a suitable 
level. A hysteresis control is used for stabilizing this parameter. This control technique is 
selected due to its simplicity, robust performance and stability [13, 14].  
The hysteresis control determines the duty cycle of Si by comparing the inductor current 
with the predefined reference current. The hysteresis control performs based on the upper and 
the lower bands. When the inductor current iL reaches to the upper-band Si turns off and when 
it reduces down to the lower-band it turns on.  Here the hysteresis bands are selected in such 
way that the converter operates in CCM (Continues Conduction Mode). Therefore this 
converter operates as a current source for the switch-capacitor unit. 
To charge switch-capacitor units equally, the output voltage needs to be adjusted on an 
appropriate level. This can be done same as the current control by utilizing the hysteresis 
method. Here the Vref is selected as the controllable voltage. When Vref increased to the upper-
band then the SV turns on and when it reduces down to the lower-band it turns off.  
 Considering the mentioned control procedure the operating modes can be depicted as in 
Fig. 4.2. In the first mode, Fig. 4.2a, both Si and SV are in the on-state. During this mode the 
inductor L starts to store energy. The required charging time can be calculated as: 
S
LL
SL
V
i
Lt
t
i
LVV




  (4-1) 
At this stage the required energy based on the pulsed power application can be estimate as: 
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Therefore, it is possible to control the energy flow by selecting proper values for iL and L. 
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Fig.  4.2 Operating modes for positive buck-boost converter. 
 
In the voltage control algorithm SV turns on when iL drops below the desired level, this 
override signal speed up the inductor charging process. This is why in the first mode SV is in 
the on-state. This mode last when iL reaches to the upper-band of the current hysteresis 
control.  
In the second mode, Fig. 4.2b, the inductor is charged to the required level. Hence, Si and 
SV will turn off and both diodes D1 and D2 turn on in order to transfer the stored energy to the 
output which is the capacitor units.  
In the last mode Vref reaches to its upper limit when the capacitor unit is charged up to the 
required level.  Here, SV turns on as shown in Fig. 4.2c. As the proposed topology is designed 
in a way that each switches breakdown voltage should be equal to one switched-capacitor unit, 
therefore in order to protect this switch, SV also turns on prior to connecting all switch-
capacitor units in series and supplying the load. 
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4.4.2.  Charging & Load Control  
The charging process is synchronized with a PWM (Pulse Width Modulation) signal, which 
also determines the repetition rate of the pulsed power supply. Here the procedure is explained 
for two switched-capacitor units (Fig. 4.3) which can be extended to n units. The procedure is 
controlled by Sn1 and Sn2, which n is the capacitor unit number.  
 When the PWM signal is high, the charging process begins with the first switch-capacitor 
unit. At this mode (Fig. 4.3a), S22 turns on and the stored energy form the current source starts 
charging the capacitor of the first unit via anti-parallel body diode of S11. When the capacitor 
voltage reaches to the required level the second mode (Fig. 4.3b) starts by turning S12 on and 
S22 off.   
When the last unit charged up (here the second unit), SL and SV should be turned on prior to 
applying all units voltages to the load (turning on the high-side switches). The reason is to 
protect these switches from over voltage, as each switch blocking voltage is considered to be 
equal to one capacitor unit voltage. As can be seen from Fig. 4.3c in the third mode the load is 
connected to the last unit and the current source is disconnected as SV is in the on-state. 
Depending on the load impedance and its time constant,     , in the worst scenario case a 
low impedance load may fully discharge the last unit. 
After SL and SV turned on, the forth mode occurred by turning on the high side switches of 
the capacitor units. At this moment, as Fig. 4.3d depicted, all of the capacitors connected in 
series and a high voltage is applied to the load. Due to the last unit discharging in the previous 
mode in the worst case the output voltage is: 
Cout VnV )1(   (4-3) 
where n is the number of switched-capacitor units and VC is the voltage of each unit. 
Regarding (4-3) the voltage drop issue can be solved by increasing the number of the units. 
Finally, when the PWM signal is low all of the high-side and low-side switches turn off and 
on, respectively and the voltage across the load drops to zero (Fig. 4.3e). 
The reason that the last unit should be connected to the load prior to the rest of the units is 
due to the presence of SL. To protect SL this switch needs to turn on before supplying the high 
voltage to the load. Before supplying the load the low-side switches are in on-state (the output 
is short circuit). Practically a switch can turns on when it has been biased enough. Hence, the 
last unit gets connected to provide a voltage across SL, so it can turn on. 
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The load switch (SL) is considered in the proposed topology to make load independent. In 
the other word, SL causes high impedance across the capacitor units when the load has low 
impedance so the load impedance (especially in low impedance applications) doesn’t affect 
the system. Hence, for high impedance loads there is no need to place SL and therefore there is 
no need to connect last unit prior to connection of the other units. 
The break-down voltage of the employed components is equal to one capacitor unit except 
D2. Therefore, the control algorithm should design in a way to prevent from any overvoltage 
across the components. In practical implementation, for generating high level of voltages, D2 
can be several series connected diodes.  
S11
S12
SL
LoadC1
S21
S22
C2
S11
S12
SL
LoadC1
S21
S22
C2
S11
S12
SL
LoadC1
S21
S22
C2
S11
S12
SL
LoadC1
S21
S22
C2
S11
S12
SL
LoadC1
S21
S22
C2
(a) (b)
(c) (d) (e)  
Fig.  4.3  The charging and supplying the load operating modes. 
Regarding the mentioned charging and supplying the load process two different control 
algorithms can be employed. The main difference between these two algorithms is the way 
that the voltage feedback is provided. 
One possible way to control the whole process is to provide individual voltage feedback 
from each capacitor unit. Hence, the charging process of each unit can be started by 
monitoring the previous stage charging level (Vch). Finally, when the unit’s capacitors charged 
to the required level (VR) then it can be applied to the load.  Fig. 4.4 illustrated the algorithm 
flowchart. The advantage of this algorithm is the ability of preventing from any possible faults 
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and indicating the failed unit as each unit’s voltage is measured. But the main drawback is 
having multiple voltage feedback which increases the hardware implementation complexity. 
The second potential way for the control algorithm is based on the measured voltage across 
the output. The simplicity is the main advantage of this algorithm comparing with the previous 
one, as it only employs one voltage feedback. Fig. 4.5 shows the second algorithm flowchart. 
As can be seen after charging each unit’s capacitor, low-side switches should turn on in order 
to short circuit the output. Hence, at each charging stage the measured output voltage 
corresponds to only one unit. By short circuiting the output after each charging stage and using 
a flag (h in Fig. 4.5) it is possible to control the charging and supplying the load process. 
SK1: off 
SK2: on
K = 1,..., n
h =1 
Start
If Sync 
PWM=1
Yes
Yes
No
Sh1 & Sh2: off 
Sg1: off
Sg2: on
g = {1,..., n} – {h}
SL: off
If Vch=VR
NoYesIf VcK>VR
K =1,..., n
No
If h = n
Yes
No
h = h + 1
Yes
SL & SV: on 
Sn1: on
Sn2: off
SK1: off
SK2: on
K = 1,..., n-1 Delay
SK1: on
SK2: off
K = 1,..., n
If Sync 
PWM=0
No
Charging unit h
SK1: off 
SK2: on
Si: off
Fault detection
Supplying the Load
 
 
Fig.  4.4  Charging and supplying the load control algorithm flowchart (based on individual voltage feedback of 
each unit). 
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PWM=1
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Sg1: off
Sg2: on
g = {1,..., n} – {h}
SL: off
If Vout=VR
NoYesIf Vout>VR
K =1,..., n
No
If h = n
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No
h = h + 1
Yes
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Sn1: on
Sn2: off
SK1: off
SK2: on
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SK2: on
Si: off
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Fig.  4.5  Charging and supplying the load control algorithm flowchart (based on only one voltage feedback). 
The main advantages of the second algorithm are the ability to prevent from any fault (as the 
output voltage is measured) and convenient practical implementation.  
 One of the important issues is to protect the circuit against the failures. These failures 
happen if switch/switches stop operating, which can leads to over-voltage. As both described 
algorithms monitors output voltage so they have the ability to prevent from any faults by 
stopping the charging process. As an example, Fig. 4.4 and 4.5 illustrate one way of detecting 
system failures. 
Another issue needs to be pointed out is the duty cycle of the PWM signal, which should 
adjusted in a way that it covers the whole charging process. To calculate the required pulse 
width, let’s consider an ideal system. In an ideal situation the current source is charging each 
capacitor unit with a constant current. Therefore without considering any losses: 
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(4-4) 
here ∆v is equal to the voltage level that each switched-capacitor units need to charge up. 
Considering the time require for charging the capacitor, ∆t, and the number of the units the 
minimum pulse width can be expressed as: 
100




T
t
D
i
vC
nt
L  
(4-5) 
where n is the number of the units, D is the duty cycle and T is the PWM signal period.  
 
4.5. Simulation Results and Analysis 
In this section the proposed topology with three switched-capacitor units (n=3 in Fig. 4.1) 
is simulated in order to verify the performance of the proposed method. The software that was 
used for simulation was MATLAB 7.10. Table 4.1 shows the parameters value used in 
simulation corresponding to Fig. 4.1. The upper and lower bands for adjusting the current are 
selected as 20.5A and 19.5A, respectively. The charging level is selected as 1000V, and to 
control the voltage of each unit on 1000V the bands are selected with 2V variations and fS is 
the frequency of the synchronizing PWM signal. The delay time as mentioned in Fig. 4.4 and 
4.5 is selected as 1µs.  
The simulation results and analysis are presented for three distinguished cases. In Case 1 
the output voltage for three different loads are depicted. The switching signals and switched-
capacitor unit voltages are considered for one cycle in Case 2. Finally, the voltage stresses 
across the critical components are depicted in Case 3.  
 
4.5.1.  Case1 
Here the effects of different loads impedance on the generated output voltage are depicted 
in Fig. 4.6. For high impedance loads the considered delay for turning on the SL and SV 
doesn’t affect the output voltage level, but as the load impedance decreases the voltage drop 
across the output voltage increases. This is due to the last unit capacitor discharging based on 
the       For the low impedance applications this issue can be solved by increasing the 
number of the switched-capacitor units. 
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4.5.2.  Case2 
In this case the switching signals for the charging process and the generated output voltage 
are demonstrated for 1kΩ load. Fig. 4.7 completely demonstrates the charging and supplying 
processes. As depicted during the charging process all of the high-side switches are in the off-
state. As can be seen, the last unit S31 turns on prior to the other switches. Finally because the 
PWM signal becomes low, the output voltage drop to zero before the load fully discharges the 
capacitors. 
 
 
Table 4.1 Simulation Parameters 
VS L C1,2,3 D fS iL VC1,2,3 
100V 1mH 10nF %0.5 1kHz 20A 1000V 
 
 
 
 
 
Fig. 4.6 The effect of the load impedance on the generated output voltage. 
 
 
 
 
4.5.3.  Case3 
As mentioned before, in order to benefit from low voltage switches the break down voltage 
of switches are selected to be equal to one capacitor unit voltage. Therefore, it is quite 
important to turn on and off SL and SV effectively, otherwise they should tolerate the whole 
output voltage. As Fig. 4.8 shows, following the proposed switching strategy the voltage 
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across these two switches never exceeded from 1 kV. The only component in this topology 
which must handle the whole output voltage is D2. 
 
 
Fig. 4.7 Voltage waveforms with relative switching signal patterns. 
  
 

 
Fig. 4.8 Voltage across the critical components. 
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4.6. Conclusion 
This paper demonstrates a flexible high voltage pulsed power topology. Various voltage 
levels can be obtained by connecting different numbers of switched-capacitor units. The 
energy flow can be controlled via a positive buck-boost converter. The repetition rate can be 
adjusted using a synchronizing PWM signal. Moreover, the proposed topology is load 
independent, as it is disconnected from the load during the charging process. This feature 
makes the proposed method suitable for supplying wide range of applications specially the one 
with low impedance such as water discharge. 
The proposed method is evaluated under different circumstances and obtained simulation 
results indicate the effectiveness of the proposed approach. 
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Abstract— Non-thermal plasma (NTP) treatment of exhaust gas is a promising technology 
for both nitrogen oxides (NOX) and particulate matter (PM) reduction by introducing plasma 
into the exhaust gases. This study considers the effect of NTP on PM mass reduction, PM size 
distribution and PM removal efficiency. The experiments have been performed on real exhaust 
gases from a diesel engine. The NTP is generated by applying high voltage pulses using a 
pulsed power supply across a dielectric barrier discharge (DBD) reactor. The effects of the 
applied high voltage pulses up to 19.44 kVpp with repetition rate of 10 kHz are investigated. 
In this paper, it is shown that PM removal and PM size distribution need to be considered both 
together, as it is possible to achieve high PM removal efficiency with undesirable increase in 
the number of small particles. Regarding these two important factors, in this research, 17 
kVpp voltage level is determined to be an optimum point for the given configuration. 
Moreover, particles deposition on the surface of the DBD reactor was found to be a significant 
phenomenon which should be considered in all plasma PM removal tests. 
 
5.1. Index Terms 
Particle size distribution, Particle mass reduction, Diesel exhaust gas, Dielectric barrier 
discharge (DBD), Pulsed power, Push-pull converter  
 
5.2. Introduction 
There is a continuous increase in the number of diesel engines in both stationary and 
mobile application due to the lower operating cost, higher thermal efficiency, longer durability 
as well as lower hydrocarbons (HC) and carbon monoxide (CO) emissions [1]. However NOX 
and particulate matter (PM) emissions still remain the two main environmental concerns in 
diesel engine applications. Studies focused on risk assessment have showed that high outdoor 
NOX concentration observed in residential areas contributes to increased respiratory and 
cardiovascular diseases and mortality [2]. Moreover, the health effects of diesel particulate 
matter have been an area of concern for many years, due to both the chemical composition and 
the particle size distribution [3]. The small particles are inhalable and penetrate deep into the 
lungs where they are able to enter the bloodstream and even reach the brain [4, 5]. 
Up to now, several technologies have been applied for NOX and particulate treatment of 
diesel engines. In recent years, application of non-thermal plasma (NTP) in exhaust gas 
treatment has gained lot of interests [6-9]. NTP treatment of exhaust gas is a promising 
technology for both NOX and PM reduction by introducing plasma inside the exhaust gases.   
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In the non-thermal plasma, electrons have a kinetic energy higher than the energy 
corresponding to the random motion of the background gas molecules. The intent of using 
non-thermal plasma is to selectively transfer the input electrical energy to the electrons which 
would generate free radicals through collisions and promote the desired chemical changes in 
the exhaust gas. These reactions can be accomplished at a fraction of the energy which is 
required in a thermal plasma system [10]. NOX, unburned hydrocarbons, CO, and PM will be 
oxidized due to oxidation processes which happen by introducing plasma in the exhaust gas.  
Applying pulsed power is one of the efficient ways to generate NTP. Pulsed power is the 
rapid release of stored energy in the form of electrical pulses into a load, which can result in 
delivery of large amounts of instantaneous power over a short period of time. Recently, solid-
state pulsed power has gained more interest as it is compact, reliable, has a long lifetime and 
high repetition rate. In the last decade, research and studies established the advantage of using 
power electronics topologies in pulsed power applications [11-13]. In this research a bipolar 
pulsed power supply based on push-pull topology is implemented. 
Diesel particulate matter (DPM) consist mostly of carbonaceous soot with minor 
components of volatile organic fraction (VOF) from unburned fuel, lubricating oil, inorganic 
compounds such as ash and sulphur compounds and metals including zinc from lubricating 
oil [38]. DPM are the cause of a series of adverse effects on environment [39] and human 
health [40-42]. Particulate formation begins with nucleation in the engine cylinder and 
dilution tunnel, and is followed thereafter by agglomeration [43]. Most of the diesel 
particulate matter mass is in the accumulation mode, whereas in terms of particle number, 
most particles are found in the nucleation mode. More than 90% of diesel exhaust-derived 
PM is smaller than 1 μm in diameter [44]. Most of the mass is in the 0.1–1.0 μm 
“accumulation” size fraction, while most of the particle numbers are in the <0.1 μm “nano-
particle” fraction [45, 46]. Ultrafine particles have an aerodynamic diameter less than 100 nm 
and are emitted in high number by compression ignition engines.  Whilst ultrafine particles 
do not contribute much to the total mass of particulate matter emitted from an engine, they 
contribute greatly to the total number of particles. The particle size distribution of particulate 
matter from compression ignition engines has become of increased concern since a study by 
the Health Effects Institute demonstrated an increased number of nanoparticles emitted from 
a 1991 Cummins engine, despite a reduction in overall particle mass, relative to an older 
1988 Cummins engine [47]. 
Ultrafine particles can penetrate deep into the lungs where they are able to enter the 
bloodstream and even reach the brain [4]. The respiratory health effects (in particular asthma) 
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from particle emissions correlate strongly with particle number, rather than particle mass 
emissions [48] . In 2014 the Euro VI regulation will be implemented and the number of 
particles emitted by compression ignition engines (in addition to a new particle mass limit) 
will be regulated. This demonstrates that particle number emissions are becoming a very 
prominent issue in engine design and research [49, 50]. 
The main concern of this paper is to analyse the effect of pulsed power on PM mass 
reduction and PM size distribution considering the pulsed power effects on ultra-fine particles 
emitted from real diesel engine exhaust gas. In this research, a pulsed power supply based on 
the push-pull inverter is developed to generate up to 19.44 kVpp across the DBD load. The 
experiments were conducted at different voltage levels with fixed repetition rate of 10 kHz. 
PM mass reduction, PM removal efficiency and PM size distribution are investigated by 
evaluating the results obtained. 
 
5.3. Experimental method 
5.3.1.  Experimental Setup 
A schematic diagram of the experimental setup is shown in Fig. 5.1. Experiments were 
conducted on a modern turbo-charged 6-cylinder Cummins diesel engine (ISBe22031) at the 
Queensland University of Technology (QUT) Biofuel Engine Research Facility (BERF). The 
engine has a capacity of 5.9l, a bore of 102 mm, a stroke length of 120 mm, a compression 
ratio of 17.3:1 and maximum power of 162 kW at 2500 rpm. Particle number distributions 
are measured with a scanning mobility particle sizer (SMPS) consisting of a TSI 3080 
classifier, which pre-selects particles within a narrow mobility (and hence size) range and a 
TSI 3025 condensation particle counter (CPC) which grows particles (via condensation) to 
optically detectable sizes. The SMPS software increases the classifier voltage in a pre-
determined manner so that particles within a 10-500 nm size range are pre-selected and 
subsequently counted using the CPC. The software also integrates the particle number 
distribution to enable calculation of the total number of particles emitted by the engine at 
each test mode. Gaseous emissions are measured with CAI 600 series gas analyses. CO2, 
NOX and CO concentrations can be measured by this gas analyser, whereas particulate mass 
emissions are measured with a TSI 8530 Dust-Track II. 
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As depicted in Fig. 5.1, three way valves to control the exhaust gas path ways are 
employed. With this configuration, it is possible to measure both gaseous emissions and 
particles before entering the reactor and after leaving it by changing the three way valve 
directions. CO2 was used as a tracer gas in order to calculate the dilution ratio. CO2 was 
measured from the dilution tunnel with dilution ratios being calculated using the following 
equation:  
                
                          
                         
 (5-1) 
 
Laboratory background CO2 measurements were made before the commencement of each 
test session. Every concentration measured after dilution should be modified by using a 
dilution ratio. 
 
 
Fig.  5.1 Schematic diagram of plasma treatment system developed at QUT engine lab. 
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5.3.2.  DBD Reactor 
A conventional dielectric barrier discharge reactor was designed for the experiments.  Fig. 
5.2 shows a schematic of the reactor. As illustrated in Fig. 5.2, it consists of two concentric 
quartz tubes. Both tubes are 400 mm long and have a wall thickness of 1.5 mm.  The outside 
diameters of inner and outer quartz tubes are 20 mm and 25 mm, respectively. Exhaust gas 
passes through the gap between these two quartz tubes. Based on pre-designed geometry, the 
discharge gap is 1 mm. The DBD is connected to the pulsed power supply using internal and 
external electrodes. The internal electrode is a copper cylinder and the external electrode is 
made by a copper mesh that wraps the exterior part of the DBD. The electrodes are placed in 
the middle of the DBD load with the length of 100 mm. Both tubes are fixed by two Teflon 
caps at each end. Exhaust enters the reactor at the angle of 45 degree and flows throughout the 
gap and leaves the reactor with the same angle.  
 
(a) 
 
 
 
 
(b) 
Fig.  5.2 DBD reactor in Solidworks: a) Schematic view, b) Cross-sectional view. 
 
5.3.3.  Bipolar Pulsed Power Supply 
Fig. 5.3 shows a circuit schematic diagram of the pulsed power supply. As illustrated, it is 
based on the push-pull inverter topology. The push-pull inverter contains two switches that are 
driven with respect to ground. This is the main advantage of the inverter. This topology uses a 
centre-tapped transformer which is excited in both directions. A step up transformer is used to 
boost the voltage and achieve galvanic isolation.  
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The main reason to use a push-pull topology is to generate bipolar output voltage. 
Applying voltage periodically build-up charges across the electrodes, which can results in 
arcing. In order to sustained non-thermal plasma and prevent from arcing, bipolar pulse 
generation can employed for clearing charges [50]. Employing lower number of switches is 
another advantage of push-pull inverter. The two switches S1 and S2 are switched alternately 
with a controlled duty ratio to convert input DC voltage into high frequency AC voltage 
suitable for exciting the DBD load. Hence, the generated output voltage is bipolar.  
Adding a DBD load turns the push-pull inverter into a resonant stage with approximately 
sinusoidal output. The frequency of the semi-sinusoidal shape signal is determined by an L-C 
circuit comprising of the transformer inductance and capacitances of DBD and the 
transformer. The repetition rate can be used to adjust the power and by optimizing the 
resonance it is possible to obtain high frequency semi-sinusoidal waveform. A typical 
measured output voltage of the employed pulsed power supply is depicted in Fig. 5.4. 
 
S2
S1
Vin
D
B
D
NA
NB
NS
CS
CS
NA = NB << NS
 
Fig.  5.3 Pulsed power supply circuit schematic diagram (push-pull inverter) 
The first portion of the output voltage waveform is the resonant circuit dominated by the 
magnetizing inductance of the transformer and the capacitances of the transformer and DBD. 
The period of this signal is approximately 11.2 µs. The second one is the resonance 
happening during the switches off-state between the leakage inductance and the capacitances 
of the transformer and DBD. The period of this signal is equal to 88.8µs. As can be seen from 
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the figure the repetition rate is set to 10 kHz. It is quite important to generate symmetrical 
waveform regarding to clearing charge purpose and avoiding transformer saturation. 
Fig. 5.5 shows the experimental hardware setup for the pulsed power supply. Here 1200 V 
IGBT modules, SK75GB123, are used as power switches. Semikron Skyper 32-pro gate drive 
modules are utilized to drive the IGBTs and provide the necessary isolation between the 
switching-signal ground and the power ground.  A Texas Instrument TMS320F28335 DSC 
(Digital Signal Controller) is used for PWM signal generation. A centre-tapped step-up 
transformer with an UU100 core 3C90 grade material ferrite from Ferroxcube, are designed 
with NA = NB = 5 and NS = 293. Here a 470 pF capacitor (CS) is placed across each switch to 
protect them against the voltage spikes. The output voltage is measured and captured using a 
Pintek DP-22Kpro differential probe and RIGOL DS1204B oscilloscope, respectively.  
 
Fig.  5.4 Typical measured output voltage of the employed pulsed power supply. 
 
 
Fig.  5.5 Electrical hardware setup with the DBD load. 
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5.4. Results and Discussion 
5.4.1.  Plasma effect on PM Size Distribution  
The effect of plasma on emission treatment is considered for varied experiments based on 
the aforementioned Cummins diesel engine. In all experiments engine speed and load are kept 
constant at 40 kW (25 %load) and 2000 rpm, respectively. A portion of raw exhaust gas 
directly from an iso-kinetic sampling port of the tailpipe was diluted with air and passed 
through the reactor. Emissions concentration is measured before and after the applying pulse 
to study the plasma effects. In addition, the median particle diameter which is another useful 
parameter to study the effect of plasma technique is also measured. It is to be noted that all 
illustrated results in each experiment have been obtained as an average over three consecutive 
measurements. 
The experiments were made by applying output voltage from 10 kVpp up to 19.44 kVpp. 
However, the first effect of plasma was appeared at 15 kVpp following with optimum 
operation at 17kVpp and finally high amount of small particle generation at 19.44 kVpp. 
Hence, the measurements are reported in this section regarding to the mentioned three applied 
voltage levels. Fig. 5.6 illustrates the measured results. The applied output voltages across the 
DBD load for three different voltage levels of 15 kVpp, 17 kVpp, and 19.44 kVpp are 
depicted in Fig. 5.6a. The measured output voltages show the rate of voltage rise of 
2840V/µs.  
The measured load currents are illustrated in Fig. 5.6b, which shows many narrow pulsed 
current spikes occurring in each half-cycle of the applied voltage. The measured current at 
19.44 kVpp comparing with the other applied voltages shows higher number of the micro-
discharges in the gap with much higher amplitude. This is due to the fact that the applied 
voltage has reached to the value of the breakdown voltage, which depends on the gap 
distance, dielectric material, repetition rate, and etc. Controlling the amplitude of current 
discharges is quite important as it can directly affect the plasma reaction which is discussed 
further.  Fig. 5.6c shows the voltage stress across the switch during the switching transition. 
As can be seen, due to employing a centre-tapped transformer, the peak-to-peak voltage 
stress across the switch in a push-pull inverter is approximately two times of the input 
voltage. 
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(b) 
 
(c) 
Fig.  5.6 Measured electrical parameters: a) output voltages across the DBD load, b) output current, and c) 
voltage stress across the switch. 
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Fig.  5.7 DBD image. 
 
 
Fig.  5.8 V-Q cyclogram of the DBD load as a basis of power consumption calculation. 
 
In these experiments, the output voltage amplitude is controlled by changing the input DC 
voltage between 72.4 V, 84.4 V, and 94.8 V. Under same situation, Fig. 5.7 shows an image 
of DBD recorded at 19.44 kVpp. As can be seen, NTP is clearly occurring between the two 
electrodes. 
To measure the power consumption of the DBD load, the energy transferred to the DBD 
load has been calculated by employing the Lissajous (V−Q) diagram [51, 52].To measure Q a 
4nF capacitor is placed in series with the DBD reactor. Thus, by measuring the voltage across 
the capacitor and multiplying it by its capacitance value it is possible to calculate Q. The 
energy consumed by the DBD reactor for one cycle is calculated from the area of V−Q curve 
for different experiments, where V is the measured voltage across the DBD reactor (see Fig. 
5.8). Hence, by considering the employed repetition rate (frequency) it is possible to calculate 
the average consumed power by the DBD load. It is to be noted that the series connected 
capacitor is selected large enough to not to affect the DBD reactor capacitance.  The relevant 
equations are: 
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 dvtQW )(   
(5-2) 
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By substituting (3) in (2): 
2
2
1)(
CVdQ
C
tQ
W    (5-4) 
Therefore, considering (5-2) to (5-4) the averaged consumed power can be calculated as 
below: 
2
2
1
)( CVfdvtQfWfPA    (5-5) 
The illustrated data in Fig. 5.8 clearly indicate that the DBD reactor power consumption 
correspondingly increases with the applied voltage level. This can be also realized from (5-5), 
which shows the relation between the power and the applied voltage. The calculated averaged 
power consumption (PA) for the applied voltages of 15 kVpp, 17 kVpp, and 19.44 kVpp are 
27.37 W, 36.54 W, and 55.17 W respectively. The higher averaged power at 19.44 kVpp can 
be realized through the measured discharged current as it has occurred at higher amplitude 
and higher number of the micro-discharges. 
In the first experiment, the maximum voltage level (19.44 kVpp) is applied.  To estimate 
the deposition rate on the reactor surface, emissions in the reactor inlet (reactor inlet no pulse) 
and reactor outlet (reactor outlet no pulse) without applying any pulse voltage are measured. 
Finally, the pulsed power supply is applied across the DBD and the emissions in reactor 
outlet are measured (reactor outlet with pulse). The same process is employed in all following 
experiments. 
Fig. 5.9 illustrates the particle size distribution at 19.44 kVpp. There is a considerable 
amount of PM deposition on reactor surface which is likely related to small gap between the 
tubes (1 mm). The median diameter in the reactor inlet is 70 nm, while in the reactor outlet is 
decreased to 66 nm. This shows that larger particles deposited more on the reactor surface. 
By applying pulsed power, as shown in this figure, the median diameter decreases 
remarkably to 35 nm. This implies that lots of big particles have been oxidized or broken to 
small particles by producing plasma inside the exhaust gasses at this voltage level. 
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Fig.  5.9 Particle Size Distribution (2000rpm, 25%Load, 19.44 kVpp). 
 
The peak value of particle number at the reactor inlet is around                   ⁄ . 
This value declines to                   ⁄  at the reactor outlet due to deposition. By 
applying pulsed power the graph peaks to 4.5               ⁄  which is approximately 
four times bigger than the particle number at reactor outlet without any pulse. The number of 
particles with diameter of less than 70 nm in the reactor outlet with applying pulse is higher 
than the particle numbers at the reactor outlet without any pulse. This effect increases even 
more at particle diameters less than 50 nm. At this level, the particle number at reactor outlet 
surpasses the number of particles at reactor inlet. These findings imply that the 19.44 kVpp 
pulse power at 10 kHz, increases the number of small particles considerably. The origin and 
nature of these particles is still not clear and will be of interests in future investigations. 
However, the effect of 19.44 kVpp on particle size can be understood regarding to the high 
level of micro-discharges in the discharged current as depicted in Fig. 5.6b. 
The effect of voltage level with 17 kVpp is considered in the second experiment. The 
results obtained have been summarized in Fig. 5.10. The figure shows the median diameter 
changes from 70 nm at reactor inlet to 78 nm at reactor outlet without any pulse, and then falls 
to 75 nm at reactor outlet with applying pulse. This shows that the larger particles are 
deposited and also removed by plasma selectivity compared to smaller particles. As can be 
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seen, at this voltage level (17 kVpp) the number of small particles has not increased. This is an 
important feature when compared with the previous experiment (19.44 kVpp).  
The last experiment is conducted by applying 15 kVpp pulses. The measured results are 
depicted in Fig. 5.11, which shows no growth in the number of small particles as well as 
second experiment (17 kVpp). The maximum of PM concentration took place at around 71 
nm. There is a small difference between PM concentrations with and without applying plasma. 
Therefore, this level of voltage can remove particles at the same rate of deposition.  
Comparing the values of median diameter in the reactor inlet and outlet shows that the 
smaller particles are more likely to be deposited inside the reactor under the no pulse 
condition. On the other hand, by applying the pulse the median diameter is in same range of 
reactor inlet. There is no increase in the number of small particles at this voltage level.  This 
trend in median diameter variation is almost in complete agreement with the voltage of 17 
kVpp. 
Careful comparison of the reactor outlet particle size distribution, when there is no pulsed 
power, indicates that the distribution in Fig. 5.9 shows a reduction in particle median 
diameter, whereas Fig. 5.10 shows a slight increase in particle median diameter. Experiments 
for Fig. 5.10 were conducted approximately 30 min after that of Fig. 5.9. Therefore, there is a 
possibility that wall initial deposition occurred with larger particles and the later experiments 
for Fig. 5.10 favoured slightly smaller particles due to the larger surface area of the wall and 
the attraction of particles to deposited particles rather than the quartz wall alone. 
 
Fig.  5.10 Particle Size Distribution (2000rpm, 25%Load, 17 kVpp). 
 
Chapter 5  
 
187 
 
 
Fig.  5.11 Particle Size Distribution (2000rpm, 25%Load, 15 kVpp). 
 
5.4.2.  PM removal efficiency  
PM removal can be calculated based on the following equation:  
100
)(



ionconcentratPMinlet
pulsewithionconcentratPMoutletionconcentratPMinlet
removalPM  (5-6) 
Where the PM concentration unit is (particle/cm3) and PM removal is calculated for all 
PM diameters.  
Fig. 5.12 illustrates the PM removal at 19.44 kVpp. PM deposition on the reactor surface 
increases with the PM size and gets to the maximum value of 70% removal at around 80 nm. 
But below 80nm PM removal decreases again. For most of the particle sizes, PM deposition 
on the reactor surface is more than 40%.  When a 19.44 kVpp voltage is applied to the 
reactor, PM removal efficiency reaches the value of 90% for larger particles. Removal 
efficiency for particulate matter less than 80 nm is less than PM removal without applying 
any pulse. This indicates undesirable operation of the plasma within this particle size range. 
Also there is no removal for particles smaller than 50 nm. There is a high possibility that this 
incense in particle numbers can be related to the following two factors: firstly, fragmentation 
of larger particles by electron impact reactions or incomplete oxidation and secondly, 
oxidation of gaseous exhaust emissions to particles by plasma generated ozone. 
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Fig.  5.12 PM removal as a function of PM size (2000rpm, 25%Load, 19.44 kVpp) 
    
 
Fig.  5.13 PM removal as a function of PM size (2000rpm, 25%Load, 17 kVpp) 
Fig. 5.13 shows the PM removal at 17 kVpp which shows that PM removal by plasma is 
more effective than deposition removal. This means that at this level of voltage, all deposited 
particles and also some large particles inside the flow can be removed or oxidized. For 
particles smaller than 35 nm, PM removal percentage by deposition is higher than PM 
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removal by plasma. Apparently, smaller particles cannot be removed by plasma within this 
range (<35nm). However another possibility can be dissociation of larger particles to smaller 
ones by electron impact reactions. 
   PM removal efficiency at 15 kVpp is illustrated in Fig. 5.14. As can be seen the PM 
removal for both graphs increases to an optimum value then decreases. The maximum PM 
removals in reactor outlet with and without the pulse are 61% and 69% respectively. For 
particles larger than the 60 nm diameter, PM removal when applying pulsed power is slightly 
higher than PM removal without any pulse. However, for particles with smaller diameters, 
these values are in the same ranges. 
Regarding the results obtained, it can be concluded that the voltage level has an important 
role in the size dependent removal efficiency. At 15 kVpp the particle size distribution has 
been affected slightly.  The PM removal without producing small particles can be improved 
as the voltage increases to 17 kVpp. The increase in the number of small particles has been 
noticed when the voltage level goes up to 19.44 kVpp, while larger particles have been 
reduced considerably. By taking into account all the above mentioned features, the 
experiment with 17 kVpp voltage shows better efficiency in terms of particle size distribution 
for the given configuration. 
 
 
Fig.  5.14 PM removal as a function of PM size (2000rpm, 25%Load, 15 kVpp) 
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5.4.3.  Plasma Effect on PM Mass Reduction  
After studying the effect of different voltages on particle size distribution, in this section, the 
effect of plasma on particle mass reduction is considered. In a similar way to the previous 
sections three different voltage levels have been applied to the DBD load. All results obtained 
have been summarized in Table 5.1. PM mass concentrations in the reactor inlet were 4.56 
(mg/m
3
), 4.26 (mg/m
3
) and 5.14 (mg/m
3
) respecting to the variation of engine operating 
conditions for the three tests conducted. These values decreased to 2.84(mg/m
3
), 3.68 (mg/m
3
) 
and 4.37 (mg/m
3
) at reactor outlet in the no pulse condition, respectively. This shows a 
significant particle deposition inside the reactor.  When the pulsed power is applied, plasma 
PM removal occurred. This causes the PM mass concentration reduction of 43.9 %, 38.6% and 
27.1% at 19.44 kVpp, 17 kVpp and 15 kVpp respectively.  
The maximum PM mass reduction has been obtained when the voltage level is 19.44 kVpp. 
However, according to the particle size distribution measurements, this voltage level increases 
the number of small particles, which is not a desirable feature. The 17 kVpp applied voltage 
shows a more suitable performance with good mass reduction of around 40% without any 
increase in ultra-fine particle numbers. The 15 kVpp voltage level is found to be almost the 
threshold breakdown voltage for the given configuration, below which no significant PM mass 
reduction, PM removal, and PM size distribution which have not been affected too much.   
 
Table  5.1 PM Mass Reduction at Different Voltage Levels 
Applied Voltage 
 
Measurement 
19.44 kVpp 17 kVpp 15 kVpp 
Reactor Inlet PM 
Concentration (
  
  
) 
4.56 4.26 5.14 
Reactor Outlet No Pulse PM 
Concentration(
  
  
) 
2.84 3.68 4.37 
Reactor Outlet By-Pulse PM 
Concentration (
  
  
) 
2.56 2.62 3.74 
Plasma PM Removal 
Efficiency (%) 
43.9 38.6 27.1 
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5.5. Conclusion 
In this study the effect of non-thermal plasma obtained by applying high voltage pulses on 
PM size distribution and PM mass reduction were investigated. It was found that NTP plasma 
not only affects the PM mass concentration, but also changes the PM size distribution. At 
very high voltage levels (here 19.44 kVpp), NTP was very effective for PM mass reduction. 
However, PM mass reduction is not the only concern. It became clear that at high voltage 
levels the number of ultra-fine particles increases significantly. Regarding the negative health 
effects of tiny particles, the performance of plasma at such a high voltage levels is not 
desirable. Considering the PM mass reduction and PM size distribution simultaneously, an 
optimum voltage level of 17 kVpp at 10 kHz was found for the given configuration and 
operating condition. Moreover the wall attachments of particulates are another important 
parameter which should be considered in all experiments. It was found that wall attachments 
are variable even without introducing any plasma. Therefore, particle deposition insides the 
reactor and its effect on plasma PM removal should be considered with more details in future.  
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Abstract- In this paper characteristic of a DBD (Dielectric Barrier Discharge) plasma lamp is 
investigated based on the lamp intensity and power consumption. A pulsed power supply 
with controllable parameters based on a push-pull converter is developed for lamp excitation 
at different voltage levels and repetition rate. The experimentations were conducted for 28 
different operating points with the frequency range of 2 kHz to 15 kHz at output voltage 
levels of between 7.4 kVpp up to 13 kVpp. The obtained results show the feasibility of finding 
an optimum operation point due to nonlinear behaviour of the DBD lamp. 
 
6.2. Keywords  
Pulsed power supply, Plasma, DBD Lamp, High voltage pulse. 
 
6.3. Introduction 
Dielectric barrier discharge (DBD) is a promising method in producing non-thermal 
plasma, which is widely used in a variety of industrial applications. Recently, DBD lamps 
have gained much attention as they are mercury free, easily scalable and simple to construct 
[1-4].  DBD lamps are mostly filled with rare gases and rare gas-halides, which can provide 
efficient scheme for generating incoherent UV (Ultra Violet) and VUV (Vacuum UV) 
radiation [3]. The range of applications is broad owing to the variability of output wavelength 
(88–310 nm) with the choice of gas fill.  
DBD Lamps can be operated with continuous excitation or with pulsed excitation. Because 
a pulsed discharge can operate at much higher peak voltages and peak currents for the same 
average power as in a dc glow discharge, higher instantaneous sputtering, ionization and 
excitation can be expected and hence better efficiencies [5, 6]. Recently, solid-state pulsed 
power has gained more interest as it is compact, reliable, has a long lifetime and high 
repetition rate. In the last decade, research and studies established the advantage of using 
power electronics topologies in developing pulsed power supplies for variety of applications 
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[6-10]. Therefore, a solid-state pulsed power supply can be a suitable choice for exciting a 
DBD lamp as it provides controllable variables such as duty cycle, frequency, generated 
voltage, and etc. 
One of the important features of a DBD lamp is the light intensity. The light intensity is 
quite important in sensitive applications such as in therapy of skin diseases and for 
disinfecting the skin surface. Hence, increasing or decreasing generated UV intensity can 
harm or not efficiently affect the under treatment area respectively. The light intensity can be 
controlled by factors such as frequency (pulse repetition rate) and applied voltage. However, 
another important issue which needs to take into account is the lamp power consumption [2]. 
Increment in power consumption not only reduces the system efficiency but also can lead to 
short operational lifetime of the lamp. Thus, finding the relation between the lamp intensity 
and power consumption in order to select a proper operating point is vital.    
In this paper light intensity versus power consumption of a Xenon-filled coaxial DBD lamp 
is analysed at different voltage level and repetition rates. The DBD lamp is excited using a 
push-pull based pulsed power supply with the frequency range of 2 kHz to15 kHz and at 
output voltage starting from 7.4kVpp up to 13kVpp. The light intensity is measured using a 
UV detector and the power consumption is measured based on Lissajous V-Q diagram [2, 3] 
at 28 different operating points. The obtained results not only depicted the performance of the 
implemented pulsed power supply in driving the DBD lamp, but also the DBD lamp 
illustrated a non-linear characteristic which can be advantageous in selecting an optimum 
operating point. 
 
6.4. Experimental Setup 
6.4.1.  DBD Lamp 
Here a DBD lamp, as shown in Fig 6.1, is selected which is due to their particular interest as 
they possess high efficiency [3]. The lamp tube has a coaxial geometry with a double 
dielectric barrier, and is fabricated from UV grade fused silica tubing. The external electrodes 
are wire/wire mesh yielding an active region of ~60mm length with a discharge gap of ~9mm 
between the inner and outer dielectrics.  The gas fill (sealed off) is a Xenon buffer at ~100mb 
pressure, seeded with a low partial pressure (~1torr) of halogen (Cl) to yield XeCl excimers 
upon discharge excitation which emit in the UV at 308m. Typical output irradiances from the 
lamp are 1-10mW per cm
2
. 
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6.4.2.  Pulsed Power Supply  
Fig 6.2 depicted a circuit schematic diagram of the developed pulsed power supply. As 
illustrated, it is based on a push-pull inverter topology. The push-pull inverter contains two 
switches that are driven with respect to ground. This is the main advantage of the inverter. 
This topology uses a centre-tapped transformer which is excited in both directions. A step up 
transformer is used to boost the voltage and achieve galvanic isolation. 
 
 
Fig.  6.1 Dielectric barrier discharge lamp 
 
In order to sustained NTP and prevent from arcing, bipolar pulse generation is employed 
for clearing charges [11].The two switches S1 and S2 are switched alternately with a 
controlled duty ratio to convert input DC voltage into high frequency AC voltage suitable for 
exciting the DBD load. Hence, the generated output voltage is bipolar.  
Adding a DBD load turns the push-pull inverter into a resonant stage with an 
approximately sinusoidal output. The frequency of the semi-sinusoidal shape signal is 
determined by an L-C circuit comprising of the transformer inductance and capacitances of 
DBD and the transformer. The repetition rate can be used to adjust the power and by 
optimizing the resonance it is possible to obtain high frequency semi-sinusoidal waveform.  
The pulsed power supply was developed to provide complete control over output voltage 
and repetition rate by means of regulating the input voltage and the duty cycle of power 
switches. Fig. 6.3 shows the experimental hardware setup for the pulsed power supply. Here 
1200V IGBT modules, SK75GB123, are used as power switches. Semikron Skyper 32-pro 
gate drive modules are utilized to drive the IGBTs and provide the necessary isolation 
between the switching-signal ground and the power ground.  A Texas Instrument 
TMS320F28335 DSC (Digital Signal Controller) is used for PWM signal generation. A 
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centre-tapped step-up transformer with an UU100 core 3C90 grade material ferrite from 
Ferroxcube, are designed with NA = NB = 5 and NS = 293. Here a 470 pF capacitor (CS) is 
placed across each switch to protect them against the voltage spikes. To calculate the power 
consumption a 4nF capacitor (Cm) is connected in series with the DBD lamp. Cm is selected 
large enough to not to affect the DBD lamp capacitance. The output voltage is measured and 
captured using a Pintek DP-22Kpro differential probe and RIGOL DS1204B oscilloscope, 
respectively. 
S2
S1
Vin D
B
D
 L
a
m
p
NA
NB
NS
CS
CS
NA = NB << NS
Cm
 
Fig.  6.2 Pulsed power supply circuit schematic diagram (push-pull inverter) 
  
 
Fig.  6.3 Electrical Hardware setup with the DBD load. 
An example of a measured output voltage of the employed pulsed power supply at the output 
voltage of 13kVpp is depicted in Fig. 6.4. The depicted bipolar voltage waveform is generated 
by switching S1 and S2 alternately (see Fig. 6.4a). This part (the first portion) of the output 
voltage waveform is the resonant circuit dominated by the magnetizing inductance of the 
transformer and the capacitances of the transformer and DBD. The period of this signal is 
approximately 11.5 µs. The second part is the resonance happening during the switches off-
state between the leakage inductance and the capacitances of the transformer and DBD. 
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(a) 
 
 (b) 
Fig.  6.4 Output voltage of the employed pulsed power supply: a) at 10 kHz, b) typical measured output voltages 
at 10 kHz and 5 kHz. 
As the depicted signal (Fig. 6.4a) was generated at 10 kHz (repetition rate), therefore the 
period of the second portion is equal to 88.5µs. It is to be noted that for all the applied 
voltages and repetition rates the bipolar pulses were generated with a fixed duration of 11.5 
µs (see Fig. 6.4b). This implies the importance of repetition rate which differs in four types of 
applied pulses and can results in delivering varied power level to the DBD lamp. 
 
6.4.3.  Measurements 
The lamp intensity was measured using a UV-photodetector (see Fig 6.3). The photo-detector 
is equipped with JIC157 which has a spectral range of 210...390 nm. The averaged intensity 
was considered for evaluation regarding to the area of the captured intensity waveform and 
employed frequency. 
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Fig.  6.5 V-Q cyclogram of the DBD lamp as a basis of power consumption calculation. 
To measure the power consumption of the DBD lamp, the energy transferred to the DBD 
lamp has been calculated by applying the Lissajous (V −Q) diagram [2, 3]. To measure Q one 
capacitor (Cm) is placed in series with the DBD lamp, as depicted in Fig 6.2. Thus, by 
measuring the voltage across Cm and multiplying it by Cm value it is possible to calculate Q. 
The energy consumed by the plasma for one cycle is calculated from the area of V−Q curve 
for different experiments (see Fig 6.5). Hence, by considering the employed repetition rate 
(frequency) it is possible to calculate the average consumed power by the DBD lamp. Due to 
presence of noise during measurement the captured data is filtered before power consumption 
estimation stage (see Fig 6.5). The relevant equations are: 
   ∮       (6-1) 
 
     
     
     
 (6-2) 
By substituting (6-2) in (6-1): 
   ∮
    
 
   
 
 
    (6-3) 
Therefore, considering (6-1) to (6-3) the averaged consumed power can be calculated as 
below: 
        ∮        
 
 
    (6-4) 
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6.5. Results and Discussion 
To analysis the lamp characteristics the lamp intensity versus the lamp power consumption 
is considered at different voltage level and operating frequency. Input voltage (Vin) and 
repetition rate (fr) were assigned as controlling parameters to determine the plasma lamp 
characteristics. The high voltage pulses were applied to the plasma lamp at seven different 
voltage levels and four different repetition rates of 2 kHz, 5 kHz, 10 kHz, and 15 kHz (see 
Table 6.1). The 28 operating points are selected based on combination of varied operating 
frequencies and voltages to evaluate the behaviour of the DBD lamp at variety of power 
levels and intensities. The starting point was selected as Vin = 36 V as the first sustainable 
plasma was achieved at this point. The measured results are illustrated as averaged intensity 
versus averaged power consumption (see Fig. 6.6). It is to be noted that the results are 
normalized for a better comparison. 
Fig. 6.6a depicted the applied voltage versus power consumption. The illustrated data 
clearly indicate that the DBD lamp power consumption correspondingly increases with the 
applied voltage level and the repetition rate. This can be also realized from (6-4), which 
shows the relation between the power, repetition rate and the applied voltage. However, as 
the power is proportional to the applied voltage squared, the applied voltage is much more 
effective than the repetition rate on the power level. 
 
 
 
Table  6.1 Considered voltages and frequencies for different experiments 
            Frequency 
Output Voltage Level 
 
2kHz 
 
5kHz 
 
10kHz 
 
15kHz 
Vin= 36V D11 D21 D31 D41 
Vin= 40V D12 D22 D32 D42 
Vin= 44V D13 D23 D33 D43 
Vin= 48V D14 D24 D34 D44 
Vin= 52V D15 D25 D35 D45 
Vin= 56V D16 D26 D36 D46 
Vin= 60V D17 D27 D37 D47 
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(a) 
 
(b) 
Fig.  6.6 Comparing different operation points regarding to the varied applied voltage levels and repetition rates, 
a) applied voltage versus plasma lamp power consumption, b) applied voltage versus plasma lamp intensity.  
 
 
Fig.  6.7 The DBD lamp light intensity measured for varied applied voltage levels. 
Despite the power consumption which is always desirable to be as low as possible, it is the 
lamp intensity which is the main goal. Obtaining high intensity at low power consumption in 
plasma lamp applications is one of the major concerns. The obtained results regarding to the 
applied voltage versus the lamp intensity are illustrated in Fig. 6.6b. It is obvious that 
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increasing the applied voltage results higher intensity (see Figs 6.6b and 6.7). However, the 
obtained results indicate that not necessarily the higher intensity the high power consumption 
is. In the other word, the intensity doesn’t have a linear relation with the power consumption. 
The measured results in Fig. 6.6 depicted the possibility of achieving same or even higher 
intensity at lower power consumption by increasing the repetition rate. For instance, 
comparing D44 with D36 shows that, D44 has higher intensity than D36 while it has same 
power consumption. Such behaviour can be realized by comparing D32 with D27 as well. 
This can be due to the different slope of change regarding to the applied voltage and 
consumed power. 
Regarding to the aforementioned facts, it is feasible to find an optimum operation point 
where the required intensity can be achieved at lower power consumption. This can be 
obtained by operating at lower voltage levels but with the cost of higher repetition rate. 
Reducing the generated voltage level while obtaining the required performance is always 
desirable due to high voltage insulation and power switches limited breakdown voltage 
issues. 
 
 
6.6. Conclusion 
In this paper, the behaviour of a DBD plasma lamp was analysed with respect to its 
intensity and power consumption. A pulsed power supply based on the push-pull topology 
was developed with controllable parameters to trigger the DBD lamp over a wide range of 
operating conditions. The feasibility of optimum operation point due to non-linear 
characteristics of the plasma lamp was concluded based on the results obtained. To ensure 
that the following conclusions apply for different power levels of the DBD lamp, all 
experiments have been conducted on 28 different operating points by combining different 
repetition frequencies and applied voltages. 
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Abstract- Piezoelectric transducers convert electrical energy to mechanical energy and play a 
great role in ultrasound systems. Ultrasound power transducer performance is strongly related 
to the applied electrical excitation. To have a suitable excitation for maximum energy 
conversion, it is required to analyze the effects of input signal waveform, medium and input 
signal distortion on the characteristics of a high power ultrasound system (including 
ultrasound transducer). In this research, different input voltage signals are generated using a 
single-phase power inverter and a linear power amplifier to excite a high power ultrasound 
transducer in different mediums (water and oil) in order to study the characteristics of the 
system. We have also considered and analyzed the effect of power converter output voltage 
distortions on the performance of the high power ultrasound transducer using a passive filter. 
 
7.1. Keywords 
Component; Power Converter, Piezoelectric Transducer Excitation  
 
7.2. Introduction 
Much research has been conducted on piezoelectric behavior since 1880, the year that Pierre 
and Jacque Curie discovered the phenomenon of piezoelectricity. The critical behavior of a 
piezoelectric device is encapsulated in its resonant frequencies and the most efficient way to 
find the critical piezoelectric specifications is to analyze its impedance frequency response [1]. 
IEEE Standard on Piezoelectricity introduced the basic equivalent circuit model characterizing 
a piezoelectric ceramic near the resonant frequency which is known as Van Dyke Model. This 
model is often adapted to model electromechanical resonance characteristics of crystal 
oscillators.  
The Van Dyke Model is a parallel connection of a series RLC representing mechanical 
damping, mass, and elastic compliance and a capacitor representing the electrostatic 
capacitance between the two parallel ceramic plates [2]. When a piezoelectric ceramic is 
mounted to a mechanical structure, a loaded piezoelectric ceramic experiences multiple 
resonances, a circuit model (Fig. 7.1 (a)) for a wide frequency range with multiple resonant 
frequencies can be employed to model the behavior of a loaded piezoelectric ceramic. 
Ultrasound systems are used in different industrial and medical applications. According to 
various applications, an ultrasound system can be used in low (1-100 W) and high (0.1- 50 
kW) power and frequency ranges. For instance, in biomedical applications a high frequency 
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ultrasound system is used for diagnosis (low power) or therapeutic application (high power). 
In order to generate ultrasound wave, piezoelectric transducer is a key part of the ultrasound 
system which converts electrical to mechanical energy. A most important issue in exciting a 
high power ultrasound transducer is quality and shape of the electrical signal which drives the 
power transducer [3-9]. It is important to generate a high quality power signal at its resonant 
frequency with low distortion to attain the highest energy conversion. Different methods are 
introduced to generate a suitable signal to drive a power transducer such as radio-frequency 
linear amplifiers and switched mode power converters [6].  
A main advantage of switched mode power converters compare to power amplifiers is its 
high efficiency at high power operation. Fig. 7.1 (b) and Fig. 7.1 (c) show a power converter 
connected to a piezoelectric transducer as a load and the output voltage levels of a power 
converter respectively. Multilevel converters are suitable power converters to drive power 
transducers due to their attractive ability to generate a high quality power waveform with low 
harmonic distortion and voltage stress [10-12].  
In order to drive a power transducer with an appropriate signal, it is essential to study and 
analyze the impedance of a piezoelectric transducer at different frequency and power ranges. 
Usually, a network analyzer is used to measure piezoelectric transducer impedance and its 
resonant frequencies in frequency domain. It is not possible to analyze and study the 
characteristics of a high power transducer using a network analyzer due to the fact that a 
network analyzer operates at low power[5]. Therefore, some tests have been carried out in this 
research to study the performance and behavior (linear or nonlinear) of ultrasound system at 
high power range which are presented in the next sections.  
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(a) 
 
 
(b) 
 
 
 (c) 
Fig.  7.1  (a) Van Dyke Model, (b) a power converter, (c) output voltage of power converter. 
  
 
7.3. Experimental Procedure 
In this research work we have used a power ultrasound transducer which has some resonant 
frequencies below 100 kHz and high energy conversion happens at those resonant frequencies. 
Table 7.1 shows a summary of all test conditions which have been carried out at different 
mediums and input voltages. In the first two tests, sinusoidal voltage waveforms are generated 
by a linear power amplifier to drive the piezoelectric transducers. In these two tests, nonlinear 
characteristics of the high power ultrasound system is analyzed using superposition method.  
Chapter 7  
 
212 
 
In the other tests, a high power single phase inverter is used to generate high voltage and 
high frequency signals (square wave) to analyze behavior of ultrasound system when it is 
driven by non-sinusoidal signals.  
In test 1 and test 2, a power amplifier (OPA 459) is connected to a step-up transformer to 
generate a high voltage signal to excite a high power transducer as shown in Fig. 7.2. Two 
transducers (same type) are placed in a container (exactly opposite to each other) and one 
transducer is excited by the electrical signal as a transmitter and the other one converts the 
generated ultrasound signal to electrical energy at the other side of the container as a receiver.  
Since the performance of the piezoelectric transducer is highly dependent on its excitation, 
generating a proper sinusoidal signal with low order harmonics is required. If the frequency of 
the excitation signal is same as the resonant frequency of the transducer, the highest energy 
conversion will be attained. A signal generator and a high power amplifier (OPA 459) are used 
to generate a high power signal (up to 8 A at 30 Volts) but a high frequency step-up 
transformer is used to increase the output voltage level. The piezoelectric has some resonant 
frequencies around 39 kHz. We have generated two sinusoidal signals at 39 kHz and 61 kHz 
in two different tests. In test 1, the magnitudes of the sinusoidal signals are adjusted at 15 V 
and 30 V and we have excited the first transducer at 39 kHz and 61 kHz separately and have 
measured the output voltage of the second transducer in time domain. In order to check the 
quality of the input and output voltages at 15 V and 30 V, the signals are shown in frequency 
domain (Fig. 7.3). 
The test results show that the output voltage measured by the second transducer is not 
proportional to the input voltage. This test verifies that the ultrasound system has nonlinear 
behavior at its resonant frequencies. In order to study the performance of the ultrasound 
system more, a superposition law is used as a key factor. Based on this principle, if the 
ultrasound system has a linear characteristics, the responses of the system with two sinusoidal 
signals (as follow) should be same:  
a) Separately excited by two signals at 39 kHz and 61 kHz and adding the output signals 
b) Simultaneously excited by two signals at 39 kHz and 61 kHz  
 
 
 
 
 
Chapter 7  
 
213 
 
Table  7.1 Test conditions and setups 
Test # Medium Excitation System 
Input Voltage 
Magnitude (peak) 
Frequency of Input 
Signal (s) 
Test 1 water 
Signal Generator, a 
power amplifier and a 
high frequency 
transformer 
15 V and 30 V 39 kHz and 61 kHz 
Test 2 water 
Signal Generator, a 
power amplifier and a 
high frequency 
transformer 
15 V + 30 V              
(time domain) 
39 kHz and 61 kHz 
Test 3 oil three-level inverter 
50 V, 100 V, 200 V 
and  
300 V 
39 kHz 
Test 4 oil 
three-level inverter and 
a tube between two 
transducers 
50 V, 100 V, 200 V 
and  
300 V 
39 kHz 
Test 5 oil 
three-level inverter and 
a filter 
50 V, 100 V, 200 V 
and  
300 V 
39 kHz 
Test 6 water three-level inverter 
50 V, 100 V, 200 V 
and  
300 V 
39 kHz 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  7.2 A block diagram of a lab prototype for test 1 and test 2. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Fig.  7.3  (a) input signals at 39 kHz (b) output signals at 39 kHz (c) input signals at 61 kHz (d) output signals at 
61 kHz 
 
Therefore, in test 2, the same transducer is excited by two signals at 39 kHz and 61 kHz 
which are added together at the input side of the power amplifier. We expect the output 
voltages of the ultrasound system in two different tests should be exactly same as each other if 
the system has a linear characteristics. The test result for each voltage level is shown in Fig. 
7.4 (a). In order to compare this test results with the previous one, we have added the output 
voltage results of test 1 at 39 kHz and 61 kHz in time domain and the results are shown in Fig. 
7.4(b). The output voltage of each test at 15 V and 30 V are shown in Fig. 7.4 (c) and Fig. 7.4 
(d) and it is clear that the output voltages (separately and simultaneously excited) are not 
same. A difference between these test results shows the ultrasound system has a nonlinear 
characteristics when the input voltage and power are increased. 
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(a) 
 
(b) 
 
(c) 
 
 (d) 
Fig.  7.4 (a) Test 1: summation of two output signals (at 39 kHz & 61 kHz) for Vin=15V and Vin=30 V                
(b) Test 2: two output signals for Vin=15V and Vin=30 V. (c) Comparing the results of test 1 and test 2 for 
Vin=15 V.  (d) Comparing the results of test 1 and test 2 for Vin=30 V. 
 
The results of Fig. 7.4 show that the ultrasound system does not obey the superposition 
principle and it has nonlinear behavior as the output voltages of the two tests at 30 V are not 
same. In order to study the nonlinearity of the ultrasound system at higher power and different 
mediums, different tests have been carried out using a single phase inverter, generating a 
square wave uni-polar voltage waveform. A laboratory setup of this configuration is shown in 
Fig. 7.5.  
A coupling box of laboratory setup is filled of oil or water for different tests in this research. 
A block diagram of the setup of test 3 is shown in Fig. 7.6. In this test, a power converter 
generates a square wave signal (uni-polar modulation) at different voltage levels (50V, 100V, 
200V and 300V) and at 39 kHz including some harmonics. In order to compare the quality of 
all input voltages, we have normalized all input voltage at 50 Volts (dividing all input voltages 
by factors of 1, 2, 4 and 6, respectively) and the input voltage waveforms are shown in 
frequency domain (Fig. 7.7 (a)). Then, we have measured the output voltage of the second 
transducer at different excitation voltages and the results are shown in Fig. 7.7 (b). Similar to 
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the input voltages, we have divided the output voltages by the same factors (1, 2, 4 and 6, 
respectively) in order to compare the output voltages. The results show that the ultrasound 
system has nonlinear characteristics at different voltage levels and the output voltages are not 
same when they are normalized. 
 
Fig.  7.5 The experimental setup. 
 
 
 
 
Fig.  7.6 A block diagram of test 3. 
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(a) 
 
 (b) 
Fig.  7.7 The results of test 3 (a) input signals and (b) output signals. 
According to the applied input voltages, an ultrasound wave is generated and transferred to 
the second transducer. But some of the generated wave will be attenuated due to interaction 
with inhomogeneous material. The velocity and attenuation of generated wave are highly 
dependent on the mechanical and structural properties of the medium [13, 14]. To study the 
effect of attenuation of generated ultrasound wave, a tube is placed between the two 
transducers in which ultrasound wave is guided from the first transducer to the second 
transducer. It is expected that the tube reduces the propagation of generated wave and thus 
increases the intensity of the wave at the second transducer. A block diagram of this 
configuration is illustrated in Fig. 7.8.  
Similar to the previous test, we have normalized all input and output voltages in order to 
check the quality of the input voltages and compare the output voltages in frequency domain. 
As is shown in Fig. 7.9 the output voltage magnitudes are increased compare to the previous 
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test result (Fig. 7.7 (b)) but there are still differences in the output voltage magnitudes due to 
the nonlinear behaviour of the system at those frequencies. 
The output voltage of the power inverter generates voltage stress (dv/dt) across the 
piezoelectric transducer. This voltage with the capacitive characteristics of the piezoelectric 
transducer can generate significant current spikes which increases losses and high frequency 
noise. Since the input voltage distortion can tend to deteriorate the output voltage quality and 
can increase the power dissipation, a 990 μH inductor as a filter is placed between the power 
converter and the transducer to reduce the input voltage distortion across the first transducer. 
Fig. 7.10 shows a block diagram of the setup.  
The added filter reduces the amplitude of the output voltage in frequency domain (Fig. 7.11) 
compared to the test results shown in Fig. 7.7 but this filter has not a significant effect on the 
characteristics of the ultrasound system and it has still a nonlinear characteristics at those 
frequencies which is shown in Fig. 7.11 (b).  
In order to study the effects of medium on the ultrasound system characteristics, we have 
performed a new test similar to test 3 but with water (instead of oil). A block diagram of the 
setup is shown in Fig. 7.12.  
 
 
Fig.  7.8 A block diagram of test 4. 
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(a) 
 
 (b) 
Fig.  7.9 The results of test 4 (a) input signals and (b) output signals. 
 
 
Fig.  7.10 A block diagram of test 5. 
Similar to the previous test results, when the input and output voltages are normalized at 50 
V, there are still significant differences between the output voltages at different frequencies 
shown in Fig. 7.13. The nonlinear behavior of a high power ultrasound system is obvious in 
this figure due to mismatch of the responses of the ultrasound system to the normalized input 
voltages. The nonlinearity of the ultrasound system has been shown in different cases where a 
high power ultrasound transducer was excited by a sinusoidal and a pulse voltage waveform. 
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(a) 
 
 (b) 
Fig.  7.11 The results of test 5 (a) input signals and (b) output signals. 
 
 
 
Fig.  7.12 A block diagram of test 6. 
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(a) 
 
 (b) 
Fig.  7.13 The results of test 6 (a) input signals and (b) output signals. 
 
7.4. Conclusion 
In this research a high power transducer is driven by different input signals and the 
performance of ultrasound system is studied and analyzed in several frequencies. According to 
the first and the second test results, it is obvious that the ultrasound system has nonlinear 
behavior at high voltage and high power. In order to analyze the effects of a) input signal 
waveform, b) medium and c) input signal distortion on characteristics of an ultrasound system, 
several tests with different setups are carried out. According to the test results of this study and 
research work, it is concluded that a high power ultrasound system has nonlinear 
characteristics with respect to the input voltage magnitude. The results verify that the 
nonlinear characteristics of a high power ultrasound system exists in different medium. It 
means that a high power ultrasound system may be saturated when the input voltage 
magnitude is increased and the piezoelectric ceramic plates cannot vibrate proportional to the 
input voltage.  
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Abstract: Most high power ultrasound applications are driven by 2-level inverters. However, 
the broad spectral content of the 2-level pulse results in undesired harmonics which can 
decrease the performance of the system significantly. On the other hand, it is crucial to excite 
the piezoelectric devices at their main resonant frequency in order to have maximum energy 
conversion. Therefore a high quality, low distorted power signal is needed to excite the high 
power piezoelectric transducer at its resonant frequency. This paper proposes an efficient 
approach to develop the performance of high power ultrasonic applications using multilevel 
inverters along with a frequency estimation algorithm. In this method, the resonant frequencies 
are estimated based on relative minimums of the piezoelectric impedance frequency response. 
The algorithm follows the resonant frequency variation and adapts the multilevel inverter 
reference frequency to drive an ultrasound transducer at high power. Extensive simulation and 
experimental results indicate the effectiveness of the proposed approach. 
 
8.1. Introduction 
Wide spread research has been conducted on piezoelectric transducer applications since 
1880, the year that Pierre and Jacque Curie discovered the phenomenon of piezoelectricity [1, 
2]. Piezoelectric transducers convert electric power to acoustic power and vice versa, with 
most of the applications to date being low power ones. In the last decade, however, high 
power ultrasound applications have gained significant importance [3-8]. These types of 
applications have great potential in chemical and bio-technology processing, specifically for 
enhancing chemical reaction kinetics and new reaction pathways. Such enhancements allow 
changing the production from batch processing to continuous flow processing, thereby 
reducing investment and operational costs.  
Improvement of ultrasound systems has very significant environmental implications, 
particularly in the area of renewable energy (bio-mass and bio-fuel), waste-water treatment 
and biomedical applications. High power ultrasound technology is already being used to 
address these areas of need, but to a very limited extent due to the very inefficient nature of the 
state of the art in energy conversion. 
The critical behavior of a piezoelectric device is encapsulated in its resonance frequencies 
due to its maximum transmission performance at these frequencies [1, 2, 9-11]. Hence, ideal 
scenario is to have a sinusoidal excitation signal at the resonant frequency. But at high power 
and high voltage, which is the focus area of this paper, generating pure sinusoidal signals is 
not possible.  
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The most efficient way to generate power signals is to use a 2-level power inverter. 
Specifically, switch mode inverters are used for piezoelectric high power applications due to 
their high power density, efficiency, low cost and size compared to conventional linear power 
supplies [5, 12, 13]. However, the harmonics present in the output waveform produce 
undesired side bands which are not suitable in many applications. Moreover, they also cause 
unnecessary power dissipation which reduces the efficiency of the power converter [8, 14]. 
On the other hand, for ultrasound applications which operate at high fundamental frequency 
power converters based on a PWM strategy with high switching frequency index (fs/fo) cannot 
be a practical solution. In such applications, the maximum possible fundamental frequency of 
a converter is restricted by the switching transients of each power switching event and the 
number of switching events per cycle.  
In this regard, to reduce the number of switching transients and eliminate the undesired 
harmonics, the most effective way is to use multilevel inverters [15-18]. Through these 
inverters, it is possible to produce quasi-sine waves with low total harmonic distortion at high 
power. Multi-level inverters can increase the quality and efficiency of the high voltage supply 
compared to the conventional 2-level inverters. This permits the semiconductor devices to 
operate at lower switching frequencies with higher efficiency as well as lower voltage stress 
across switches and loads which minimize electromagnetic and ultrasound noise emissions. 
Fig. 8.1 depicts typical voltage waveforms and their harmonic spectra. It can be seen that the 
harmonics are depressed for multilevel inverters such that they can be easily filtered out from 
the frequency range of interest. 
To improve the performance of the piezoelectric transducer for high power applications, in 
addition to the multilevel converter, the device needs to be excited at its resonant frequency.  
Piezoelectric devices typically have multiple resonant frequencies, but only the major resonant 
frequency is generally targeted for excitation in practice.  Structural and environmental 
changes of a piezoelectric system can affect variations in the resonant frequencies [2, 13]. 
Therefore, it is important to estimate the main resonant frequency in order to maintain 
efficient system operation. Therefore, the multilevel converter needs to be adapted with a 
suitable frequency estimation algorithm. 
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Fig.  8.1 Effect of using multi-level waveform in harmonic elimination. 
The most effective way to find the resonant frequencies of a piezoelectric transducer is by 
evaluating its impedance frequency response [19-28]. A minimum in the impedance response 
corresponds to a resonant frequency, fr. The impedance frequency response is the ratio of the 
voltage spectrum to the current spectrum. To calculate the piezoelectric impedance response, a 
voltage source needs to be applied to the device as an excitation signal and current needs to be 
measured simultaneously. In order to obtain the response of the device for a specific range of 
frequencies, the excitation signal should cover the entire frequency range. The idea of 
calculating the piezoelectric impedance is inspired by the general concept of performing 
system identification (i.e. finding the system transfer function [29]). It is therefore possible to 
benefit from the existing knowledge base of excitation signals for system identification. 
Considering the above mentioned features, a broad-band excitation signal is the most 
appropriate candidate [29, 30].  
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Fig.  8.2 Exploiting online resonance frequency estimation in high power applications of piezoelectric devices. 
This paper advocates the advantage of using multilevel inverters along with an efficient 
frequency estimation algorithm (as depicted in Fig. 8.2) to develop the performance of the 
high power ultrasonic applications. In the proposed algorithm, a 1 kHz rectangular pulse with 
10% duty cycle is applied to the device and the current is measured as the response. Then the 
captured data is cropped to retain only one cycle of the applied input voltage and 
corresponding output current. In the next step, FFT (Fast Fourier Transform) is applied to both 
the signals and the impedance response is found as a ratio of the voltage to current transforms. 
Finally, the relative minimum values are estimated and sorted according to both impedance 
derivative and impedance magnitude. The FFT is used because it can be computed relatively 
efficiently (with order NlogN operations), thus enabling real-time operations. Finally, the 
multilevel inverter reference frequency is updated with the estimated resonance frequency. 
The proposed method has been evaluated in simulations (using an electrical circuit model) and 
experimentally (using two piezoelectric devices). The results obtained indicate the efficiency 
and high performance of the proposed method. 
 
8.2. Methodology and Approach to Estimate Resonance 
Frequency 
8.2.1.  Excitation Signal  
Piezoelectric devices have different resonance frequencies which are sometimes described as 
vibration modes. To identify these frequencies, the excitation signal needs to be wide-band. In 
the proposed approach, a sequence of rectangular pulses is applied to the device. The pulse 
widths are 0.1ms and the pulses are reapplied every 1ms. It is quite easy to generate the 
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selected pulse stream and the pulses occur fast enough to enable the system to create regular 
updates of the resonance frequency online.  
Fig. 8.3 (a) shows the frequency response of a typical rectangular pulse. As can be seen the 
energy in the spectrum is well spread, but varies considerably in intensity as a function of 
frequency. The frequency response of the output current will be moderated by this input 
spectrum since it is not possible to study the piezoelectric characteristic by just looking at the 
response to the rectangular pulse. One needs to compute the impedance response by forming 
the quotient of the input and output responses.  
Fig. 8.3(b) and (c) show a sample of the captured voltage and current after applying the 
proposed excitation signal. As can be seen, an imperfect pulse is obtained in a practical 
situation. This imperfection actually proves to an advantage because the practical spectrum 
does not suffer from the problem of having zero energy at some frequency components (see 
Fig. 8.3 (d)). 
 
8.2.2.  Estimating Impedance 
The response due to the excitation signal (also known as the ‘residual vibrations’) is given 
by: 



n
k
kkk tatfSinAty
1
)exp()2()(   (8-1) 
where, n is the number of resonance frequencies, Ak is the amplitude, fk is the  frequency and 
ak is the damping coefficient of the thk resonance frequency. 
A current sensor is used to capture the response (residual vibrations) of the device. The 
current and voltage across the piezoelectric are captured simultaneously. To get the best 
results, one cycle of the excitation pulse, along with the corresponding current response, needs 
to be extracted from the captured signals. The starting point of the voltage waveform is 
specified on the leading edge of the pulse. Then, from a knowledge of the sampling rate and 
the length of the signal (which is 1ms) the end point is determined. Based on these starting and 
end points the voltage and current waveforms are cropped from the captured signals (see Fig. 
8.3 (b) and (c) for sample captured signals). 
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(a) 
 
(b) 
 
(c) 
 
 (d) 
Fig.  8.3 a) Ideal pulse frequency response, b) Captured voltage c) Captured response (current), d) Practical pulse 
frequency response. 
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After cropping, the FFT of the both signals are calculated as follows: 
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 (8-2) 
where x(n) and X(k) are the discrete inputs and outputs respectively. To find the power 
spectrum of the voltage and current signals the FFT outputs are multiplied by their conjugates 
as per equation (8-3) and finally the impedance is calculated based on equation (8-4). 
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where Fs denotes the sampling frequency and N is the number of FFT points. 
 
8.2.3.  Extracting Resonant Frequencies  
The resonant frequencies correspond to the local (or relative) minimums of the piezoelectric 
impedance. The relative minimums of a function are the points where that the slope of the 
tangent changes from – to +. Fig. 8. 4(a) shows a power spectrum, )( fPz of an impedance and 
the change of slope in the resonant frequency. At point A, )( fPz  is equal to zero. Moreover, 
immediately to the left of this point at point B the slope is negative while at point C the slope 
is positive. 
Motivated by the above, the derivative of )( fPz  is calculated and all the points where )( fPz  
changes sign from – to + are extracted. As the final step, at the extracted frequencies, a sorting 
is performed based on the magnitude of )( fPz . The main resonant frequency is the one with the 
lowest magnitude.  
The procedure described above is depicted as an algorithm flowchart in Fig. 8.4(b). Within 
that flowchart R is a constant defining the number of resonant frequencies needing to be 
extracted. The algorithm can be used both for offline and online systems. It is important to 
note that, repeating the proposed algorithm, while applying a repetitive pulse and averaging, 
results in an increase of the estimation accuracy. 
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 (b) 
Fig.  8.4 Extracting resonant frequencies: a) change of slope at relative minimum (resonant frequency), b) 
flowchart of the proposed algorithm. 
Chapter 8  
 
 
233 
 
8.2.4.  Noise Issues 
In practical systems the presence of noise is inevitable. Fortunately, at resonant frequencies, 
the impedance of the device is minimum and current increases significantly. The signal-to-
noise ratio is therefore relatively high. Noise is nonetheless an issue, and noise removal is 
therefore required.  
Several approaches have been introduced for noise reduction. One of the most common 
ways to reduce the noise is to use an anti-aliasing filter [31]. This type of filter is used before 
sampling to limit the bandwidth of a signal. A simple anti-aliasing filtering is proposed for use 
on the analog signal before sampling. This is in keeping with the goal to devise a simple 
method which is easy to implement and fast enough to follow the resonant frequency 
variations. In addition to a low-pass filter, it is also important to choose the sampling 
frequency in accordance with the Nyquist theorem [30] and to ensure that there is a good 
coupling at sampling points. 
It is recommended that a simple RC low-pass filter be used between the current sensor and 
the capturing device. The cut-off frequency of the filter is selected according to: 
ff
c
CR
f
2
1
  (8-5) 
 
8.3. Simulation and Experiment  
In this section, in order to show the performance of the proposed method in frequency 
estimation, the proposed algorithm is evaluated via both simulations and experimentation. The 
effect of using a multilevel inverter is shown in the last part as a practical evaluation using 
ultrasound interface. The proposed frequency estimation algorithm is compared with the three 
key types of alternative impedance analysing methods. These alternative methods are: 
a) The traditional method:  In this method several single frequency sine waves from 30 kHz 
to 80 kHz have been applied separately to the piezoelectric. The frequency step size was 
set to 1 kHz.   
b) The Network Analyser method: An R&S ZVL3 vector network analyser has been used 
to obtain the impedance frequency response of a piezoelectric device in the frequency 
range of 30 kHz to 80 kHz. 
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c) The unit step and white noise excitation method: In order to compare the proposed 
method with different wide-band excitation signals, the impedance frequency behaviour 
has been obtained based on step response and white noise.  
 Step Pulse: From system identification theory, it is known that the Fourier transform 
of the impulse response (h(t)) of a system gives the system transfer function. Since 
generating an impulse ( )(t ) at high power is highly impractical a step (u(t)) is 
preferable. Here a 1ms step is applied to the device and as discussed in the previous 
section the impedance response can be obtained by dividing the Fourier transform of 
the output into the Fourier transform of the input.   
 White Noise: One of the most popular excitation signals used in system identification 
is white noise [29, 30]. As white noise theoretically has a constant amount of energy 
per frequency band, it is possible to simply look at the captured current to find the 
resonant frequencies. To account for the fact that white noise spectra are not always 
perfectly flat in practice, the impedance response is calculated in the same way as the 
other two methods – by dividing the Fourier transform of the output into Fourier 
transform of the input. 
The software that was used for simulation and analysis of experimental results was Matlab 
7.10. The sampling frequency in both simulation and experimental results was 2 MHz and the 
number of FFT points, N, was set to 1024. Here two different kinds of piezoelectric devices 
were used (Type A and Type B). Type A has three dominant resonant frequencies while Type 
B has just one. For the simulation and experimental evaluations the piezoelectric devices were 
immersed in housing containing water. 
 
8.3.1.  Simulation Results  
In order to simulate and compare the proposed method with other methods, a circuit model 
of the piezoelectric device was needed. The electrical circuit model [26] of a piezoelectric 
transducer is shown in Fig. 8.5(a). The parameters in the electrical circuit model were 
determined for the experimental piezoelectric device by performing measurements on a 
network analyser. These values are presented in Table 8.1.  
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 (b) 
Fig.  8.5 Simulation results for piezoelectric Type A: a) circuit model, b) impedance response. 
The accuracy of the circuit model was further evaluated by comparing simulated and 
measured impedance responses from a network analyser. Fig. 8.5(b) shows the impedance 
responses of the piezoelectric device obtained from real measurements and from simulation. 
As can be seen from the figure only three resonant frequencies have been modelled. With the 
model established the next step was to compare the proposed method with the alternatives via 
simulations. To this end the resonant frequencies for all methods were calculated based on the 
model in Fig. 8.5(a) and are presented in Table 8.2. 
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Table ‎8.1 Values of the Components in the Electrical Circuit Model 
Non-resonant part First resonant mode (70.19 kHz) 
C0(F)  Rs )(  Rp )(  R1 )(  L1(H) C1(F) 
9103   10 5101  492.3 410665   1110006.9   
Second resonant mode (48.6 kHz) Third resonant mode (38.81 kHz) 
R2 )(  L2(H) C2(F) R3 )(  L3(H) C3(F) 
640.0795 410834   
0110184.2   582.744 410483   01103.414   
 
Table ‎8.2 Estimated Resonant Frequencies in Simulation 
Method                
                        
                                                                        Resonant Frequency(kHz) Fr1  Fr2  Fr3  
Impedance Measurement 70.19 48.6 38.81 
Impulse Response (Step Excitation) 70.31 48.83 39.06 
White Noise 70.31 48.83 39.06 
Proposed 70.31 48.83 39.06 
 
8.3.2.  Experimental Results  
Two different piezoelectric devices Type A and Type B were considered for experimental 
evaluation. As was the case with the simulation testing, the impedance of both devices was 
obtained in the frequency range of 30 kHz to 80 kHz. For the proposed method a power 
converter was used for generating pulses. For the traditional and broadband excitation 
methods a G5100A function waveform generator was used as the signal generator source and 
the signals were amplified using an OPA549. Fig. 8.6 shows the experimental setup for the 
proposed method. All signals were captured using a RIGOL DS1204B oscilloscope. As the 
frequency was between 30 kHz and 80 kHz, the cut-off frequency of the filter was set to 100 
kHz. Hence, according to equation (8-5), capacitor and resistor values of Cf =1nF and Rf 
=1.59K  respectively were selected for the low pass filter. The measured impedance 
frequency behaviour of the Type A piezoelectric device for all methods is shown in Fig. 
8.7(a). Table 8.3 also shows the extracted frequencies for the three strongest resonant 
frequencies.  
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Fig. 8.7(b) shows the impedance frequency response of the second piezoelectric device. The 
estimated frequencies for the first three resonant frequencies are shown in Table 8.4. As can 
be seen from the measured results, the white noise method did not result in accurate estimation 
of Fr2 and Fr3 compared to the other methods. The main reason is that in each experiment the 
level of power in white noise changes randomly over time, and may even go to zero at 
particular frequencies. Therefore for resonances which are not especially strong (as was the 
case for Fr2 and Fr3 in the Type B device) the results are unreliable. 
It should be noted that the electrical circuit model of the piezoelectric device is a simple 
model which is not able to perfectly model the piezoelectric device nonlinearity, time 
variations and high frequency behaviour. That is why there are small differences between the 
simulation and test results. The advantages and drawbacks of the various methods are 
summarized in Table 8.5. The proposed method offers simplicity and high performance in 
addition to its ability to be used for online systems. 
 
 
Fig.  8.6 Experimental setup for the proposed method. 
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(a) 
 
 (b) 
Fig.  8.7 Experimental results obtained for the piezoelectric devices impedance response: (a) Type A,  (b) 
Type B. 
 
Table ‎8.3 Estimated resonant frequencies of the Type A piezoelectric device 
Method                
                         
                                                             Resonant Frequency(kHz) Fr1  Fr2  Fr3  
Network Analyser 70.18 48.62 38.82 
Impulse Response (Step Excitation) 70.31 48.83 39.06 
White Noise 70.31 48.83 39.06 
Traditional 70 49 39 
Proposed 70.31 48.83 39.06 
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Table ‎8.4 Estimated resonant frequencies of the Type B piezoelectric device 
Method                
                        
                                                     Resonant Frequency(kHz) Fr1  Fr2  Fr3  
Network Analyser 78.08 47.48 66.94 
Impulse Response (Step Excitation) 78.13 46.88 66.41 
White Noise 78.13 44.92 68.36 
Traditional 78 47 67 
Proposed 78.13 46.88 66.41 
 
 
Table ‎8.5 Survey on advantages and drawbacks of mentioned methods 
Method Advantages Drawbacks 
Traditional  Easy to implement 
 Low expense 
 Direct frequency output 
 Circuit stability required 
 Labour intensive 
 Not applicable for online process 
Network Analyzer  Provides complete impedance 
frequency response 
 High accuracy due to calibration 
 High expense 
 Not applicable for online process 
 Not applicable on high power converter 
 Slow due to the complex measurement 
procedure 
Impulse Response 
(Step Excitation) 
 Provides impedance frequency 
response 
 Easy to generate with power 
converter 
 Can be generated at high power 
 Can be applied for online process 
 Slower than the proposed method (because the 
applied step is longer than the pulse). 
 Sensitive to the noise 
 
White Noise 
Excitation 
 Provides impedance frequency 
response 
 Can be applied for online process 
 Not easy to generate especially at high power 
 Not possible to generate with power converter 
 Sensitive to the noise 
Proposed  Provides impedance frequency 
response 
 Easy to generate with power 
converter 
 Can be generated at high power 
 Can be applied for online processes 
 Sensitive to the noise 
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8.3.3.  Ultrasound Interface 
The performance of the proposed frequency estimation algorithm was evaluated in the 
previous sections, but as already mentioned, exciting the device at its resonant frequency is not 
enough to achieve maximum power conversion. The excitation signal harmonics also need to 
be considered.   
In this section the advantage of exciting a piezoelectric transducer using a multi-level 
waveform at the resonant frequency compared with a uni-polar waveform is illustrated. For 
the comparison, one multi-level waveform and one uni-polar waveform were generated with 
peak to peak voltage of 120V at 39 kHz (Type A device resonant frequency).  
To perform the evaluation, one pair of the Type A piezoelectric transducers was placed face 
to face as sender and receiver. For the first experiment, a unipolar pulse was applied to one of 
the piezoelectric devices and the voltage across the other one was captured. Fig. 8.8(a) shows 
the applied voltages. To show their influence on piezoelectric devices the frequency responses 
of applied and captured voltages are illustrated in Fig. 8.8 (b). As can be seen from Fig. 8.8(b) 
the captured response contains several harmonics, due to the excitation signal having much 
energy away from the fundamental frequency. 
For the next test, a multi-level waveform was applied to the piezoelectric device. As can be 
seen from Fig. 8.8(c), harmonic levels are attenuated significantly. This was due to the use of a 
multi-level waveform which damped the harmonics in the vast area around the fundamental 
frequency.  
Comparing the Fig. 8.8(b) with Fig. 8.8(c), illustrates that the maximum energy is achieved 
at the resonant frequency. Higher efficiency is obtained for multi-level signal. In particular the 
method is quite effective for reducing the harmonic content. In addition, the presence of 
harmonics not only adversely affects frequency sensitive applications, but also causes an 
increase in temperature and an increase in power loss. Moreover, when using filters for 
attenuating remaining harmonics the filter cost and size decreases when multi-level topology 
is employed. 
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(a) 
 
(d) 
Input voltage (unipolar) 
 
(b) 
Input voltage (multilevel) 
 
(e) 
Output voltage (unipolar) 
 
(c) 
Output voltage (multilevel) 
 
 (f) 
Fig.  8.8 Obtained results for the ultrasound interface: (a) applied uni-polar pulse at 39 kHz in time domain, (b) 
frequency response of the applied uni-polar pulse (input signal), (c) frequency response of the output signal when 
the input is a uni-polar pulse, (d) applied multi-level pulse at 39 kHz in time domain, (e) frequency response of the 
applied multi-level pulse (input signal), (f) ) frequency response of the output signal when the input is a multi-level 
pulse. 
 
 
8.4. Conclusions 
In this paper, a new method is proposed for improving the efficiency of high power 
ultrasound applications. It has been seen that the resonant frequencies vary under different 
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system conditions. Moreover, the advantage of exciting the piezoelectric device at the exact 
resonant frequency using multi-level waveform generation has been illustrated. An algorithm 
which extracts the resonant frequencies and updates the system is therefore needed. The 
proposed method has been compared with different methods and excitation signals. The 
comparative results have been conducted based on experimentation and simulation. The 
results obtained demonstrated the high performance of the proposed method. 
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9.1. Conclusions 
In the past decades, high power converters have penetrated into more and more applications, 
playing as key role in industry. Regarding this, covering wide range of all related areas is not 
practical, therefore in this thesis two main areas were considered. The main intention of this 
research project was pulsed power technology. Investigating pulsed power area aimed at 
applying power electronics techniques in order to develop solid-state pulsed power supplies 
to meet application demands. On the other hand, high power ultrasound application regarding 
to the high frequency issues was aimed as the second aspect of this PhD research. Three main 
research objectives were identified as below: 
 Improving solid-state pulsed power supplies regarding to the low power rating and 
operating speed limits of the current switching devices. 
 Considering load characteristics and effect of pulsed power supply 
 Increasing the efficiency of high power ultrasound applications 
Considering the mentioned objectives, this dissertation set out to investigate power 
converters at system and application levels for the two areas of pulsed power and high power 
ultrasound. At system level different topologies were proposed to improve the system 
efficiency regarding to the existing device’s limits and load demands, and at application level 
the performance of the developed method was evaluated using real-world applications. In 
each investigated area, the studies were started at system level and ended up at application 
stage. 
 
9.1.1.  Improving solid-state pulsed power supplies regarding to the 
low power rating and operating speed limits o f the current 
switching devices  
For the pulsed power area, employing different combination of flyback converter was 
considered as the first step. The flyback converter was selected as it can generate high level 
of the output voltages using a low input voltage, provides isolation and gives the ability of 
controlling the input energy. To take advantage of current and voltage sharing, two flyback 
configurations were considered. The proposed idea depicted the ability to increase the 
performance of a pulsed power supply in terms of output voltage level and rate of rise based 
on the simulation results. The preliminary concept of parallel and series configurations are 
introduced in Chapter 2. 
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To evaluate the proposed methods, laboratory prototypes were implemented with ability of 
generating up to 4kV. The experimentations demonstrated the performance of the proposed 
method in boosting up the voltage level and rate of rise comparing with the single module. 
The further analysis and experimentations are depicted in Chapter 3. Analysing varied 
operating conditions and effect of the load, illustrated that this technique can be utilized in 
high impedance applications with the advantage of generating both DC and AC voltages.  
The idea along with the simulation results are published in a conference paper entitled 
“Parallel and Series Configurations of Flyback Converter for Pulsed Power Applications” at 
The 7
th
 IEEE Conference on Industrial Electronics and Applications in July 2012 in 
Singapore. The hardware implementation and experimental results are presented as a part of a 
journal paper entitled “High Voltage Modular Power Supply Using Parallel and Series 
Configurations of Flyback Converter for Pulsed Power Applications” published in IEEE 
Transaction on Plasma Science Journal, Oct 2012. 
The achieved outcomes illustrated that the series configuration is more practical. However, 
two series modules were not enough to provide required voltage level and rate of rise. To 
investigate the possibility of extending the proposed idea and benefiting from modularity 
concept, a laboratory prototype based on 10 series flyback modules was implemented. This 
research work is presented in Chapter 3. The capability of generating up to 40kV with 
improved rate of rise (ten times comparing to a single module) completely proved the 
effective performance of the proposed method. The analysis and experimentations were 
published as a part of a journal paper entitled “High Voltage Modular Power Supply Using 
Parallel and Series Configurations of Flyback Converter for Pulsed Power Applications” 
published in IEEE Transaction on Plasma Science Journal, Oct 2012. 
To preserve the modularity concept while making the pulsed power supply load independent 
inspired the idea of employing switch-capacitor units supplying by a current source. The 
ability of supplying the low impedance loads at high voltage levels and fast rise time made 
the proposed topology capable of covering wide range of applications. Chapter 4 presented 
extended analyses of this research. Moreover, employing a smart controlling algorithm made 
the proposed method to prevent from any possible faults and easy diagnosis.  
The proposed method was published and presented entitled “A Flexible Solid-State Pulsed 
Power Topology” at the 15th International Power Electronics and Motion Control Conference 
and Exposition, Novi Sad, Serbia 2012. 
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9.1.2.  Considering load characteristics and effect of pulsed power 
supply 
To explore load characteristics and evaluate the designed power supply three real-world 
applications were considered. The first application was investigating pulsed power supply for 
exhaust gas treatment. In this regard DBD load characteristics were considered and based on 
that a push-pull based power supply was implemented. Moreover, the effect of plasma 
regarding to the generated voltage level on particle matters were studied. The measured 
results depicted the availability of optimum operating point where gas treatment can be 
performed while small size particle production is prevented. Chapter 5 presented extended 
description about this work. The pulsed power supply take advantage of resonance 
phenomena happening between the converter and the DBD capacitance to generate high level 
of voltages. This idea made the developed pulsed power supply suitable for high impedance 
capacitive loads. This study entitled “Effect of Pulsed Power on Particle matter in Diesel 
Engine Exhaust Using a DBD Plasma Reactor” is published in IEEE Transactions on 
Plasma Science Journal, Aug 2013. 
To study another type of application, exciting plasma lamp was selected. As the plasma 
lamp is a DBD load, the same push-pull pulsed power supply applied for the exhaust gas 
treatment was considered here. The obtained results are discussed in Chapter 6. Controllable 
parameters of the developed pulsed power supply (adjustable output voltage and repetition 
rate) make it suitable for plasma lamp applications. The main reason is due to possibility of 
exciting the plasma lamp at variety of power consumption and intensity levels by combining 
different operating voltages and frequencies. Moreover, the measured results showed 
nonlinear behaviour of plasma lamp which provides the feasibility of selecting an optimum 
operating point. 
This work entitled “Analysing DBD Plasma Lamp Intensity versus Power Consumption 
Using a Push-Pull Pulsed Power Supply” is accepted in 15th European Conference on Power 
Electronics and Applications to be held in Lille, France, 2013. 
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9.1.3.  Increasing the efficiency of high power ultrasound applications  
The efficiency of piezoelectric transducer can increases by generating a proper excitation 
signal regarding to its resonance frequencies and operating conditions. Therefore, to indentify 
the properties of the required excitation signal, as the first step, characteristics of a high 
power piezoelectric transducer was investigated under varied situations. The complete 
analysis of this research is presented in Chapter 7. The extensive experimentations under 
varied mediums, power levels and voltage waveforms illustrated the nonlinear behaviour of 
the piezoelectric transducer under different excited frequencies. This shows that performance 
of a high power ultrasound system not necessarily increases with the increment in the input 
power level. 
This work was published and presented entitled “Power Electronic Converters for High 
Power Ultrasound Transducers” at The 7th IEEE Conference on Industrial Electronics and 
Applications in July 2012 in Singapore. 
Regarding to the obtained results from studying the piezoelectric transducer behaviour, 
generating an excitation signal using multilevel converters found to be advantageous. In 
addition, due to effect of environmental situation on resonance frequency variations 
employing an adaptive frequency detection algorithm found to be beneficial. Further 
description of this study is provided in Chapter 8. The proposed adaptive algorithm not only 
follows the resonance frequency variations but also update the power converter in order to 
generate the proper excitation signal. 
This work entitled “Improving the Efficiency of High Power Piezoelectric Transducers for 
Industrial Applications” was published in IET Science, Measurement and Technology 
Journal, in Feb 2012. 
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9.1.4.  Summary of advantages and drawbacks of proposed topologies 
and methods 
 
 
Parallel Configuration of Flyback Converter for Pulsed Power Applications 
Ll
Lm
Vs
1 : n
Co2
Ll
Lm
n : 1
Co1Load
Vo
+
-
Converter (1)Converter (2)
 
Advantages  Improves rate of rise 
 Requires low input voltage 
 Provides insulation between the load side and the input side 
 Ability to control the energy flow 
 Provides both AC and DC output voltage 
  Requires low power rating switches as it provides current sharing at 
the input side 
Drawbacks  Load dependent 
  Requires careful high voltage insulation consideration for the 
transformer 
  The components at the load side should tolerate the whole generated 
voltage 
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Series Configuration of Flyback Converter for Pulsed Power Applications 
Ll
Lm
Vs
1 : n
Co1
Load
Ll
Lm
1 : n
Co2
Vo
+
-
Converter (2)
Converter (1)
 
Advantages  Improves rate of rise 
 Requires low input voltage 
 Provides insulation between the load side and the input side 
 Ability to control the energy flow 
 Provides both AC and DC output voltage 
 Extendable to higher number of modules 
 Requires low power rating switches as it provides: 
 Current sharing at the input side 
 Low reflected output voltage across the switches 
Drawbacks  Load dependent 
 Requires careful high voltage insulation consideration for the 
transformer 
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Modular Pulsed Power Supply Based on Series Configuration of Flyback Converter 
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Advantages  Improves rate of rise and output voltage level 
 Requires low input voltage 
 Easy diagnostic as it is modular 
 Provides insulation between the load side and the input side 
 Ability to control the energy flow 
 Provides both AC and DC output voltage 
 Requires low number of switches 
 Based on low power rating switches as it provides current and voltage 
sharing 
Drawbacks  Only applicable for high impedance applications 
 Requires good synchronization between the gating signal 
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Flexible Pulsed Power Topology Based on Switch-Capacitor Units 
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Advantages  Flexible in terms of providing: 
 Adjustable output voltage 
 Controllable repetition rate 
 Controlling the energy flow 
 Load independent (suitable for any kind of application regardless 
of the load impedance) 
 Provides high dv/dt 
 Requires low voltage components 
 Insulates the load side from the input side 
 Transformer-less 
 Provides protection and fault detection 
 Easy diagnostic as it is modular  
Drawbacks  D2 should be stack of series diodes as it should tolerate the whole 
generated voltage 
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Utilizing Push-Pull Converter for Exhaust Gas Treatment 
S2
S1
Vin
D
B
D
NA
NB
NS
CS
CS
NA = NB << NS
 
Advantages  Ability to generate high level of the voltages using low voltage 
switches 
 Requires only two switches 
 Provides easily controllable parameters (output voltage and repetition 
rate) 
 High dv/dt 
 Compact 
 Insulates the load side from the input side 
 Suitable for DBD loads as it can discharge the load 
 Effective for exhaust gas treatment 
Drawbacks  Load dependent 
 Requires careful high voltage insulation consideration for the 
transformer 
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Developing a Pulsed Power Supply for Plasma Lamp Applications 
S2
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Vin D
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D
 L
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CS
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Advantages  Ability to generate high level of the voltages using low voltage 
switches 
 Requires only two switches 
 Effective for plasma lamp applications as it provides easily 
controllable parameters (output voltage and repetition rate) in order to 
control plasma lamp intensity and power consumption 
 High dv/dt 
 Compact 
 Suitable for DBD loads as it can discharge the load 
Drawbacks  Load dependent 
 Requires careful high voltage insulation consideration for the 
transformer 
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Improving the Efficiency of High Power Piezoelectric Transducers 
DC/AC
Inverter
AC
Current Sensor
Piezoelectric
Frequency 
Estimation
 
Advantages  Detects piezoelectric transducer resonance frequency variations and 
updates power converter fundamental frequency 
 Provides complete impedance frequency response 
 Easy to generate with power converter 
 Can be generated at high power 
 Can be applied for online processes 
 Fast computation due to low complexity 
 Cost effective 
Drawbacks  Required filter as it is noise sensitive 
 
 
 
9.2. Further Research 
This research study has focused on developing high frequency high power converters with 
intention of applying for pulsed power and high power ultrasound applications. Moreover, the 
experiments and investigated applications also yielded a large amount of valuable data 
concerning converter development under different pulse conditions and load configurations. 
Regarding this suggestions for further research work are discussed in six specific areas. 
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 Hardware implementation of the proposed flexible switch-capacitor unit based 
pulsed power supply 
To investigate the performance of the proposed flexible topology (Chapter 4) performance on 
different applications, a hardware implementation is required. The implemented hardware 
setup can cover wide range of applications especially liquid discharge applications (low 
impedance load). This is quite important as recently, due to ability for employing them for 
biomass production, liquid discharge applications have gained lot of interest. 
 
 Implement and investigate a flexible pulsed power supply with bipolar modulation 
The proposed flexible method shows variety of advantages regarding to the pulsed power 
applications. However the developed topology is capable of generating unipolar voltages, 
while recent studies shows the advantages of using bipolar voltage waveform. This is due to 
the fact that with bipolar modulation it is possible to generate high peak to peak value across 
the load while using switches with the same break down voltage as in unipolar modulation. 
Hence, studying bipolar modulation using switch-capacitor units is recommended for the 
future research. 
 
 Investigating the effect of electrodes shape and different geometries on the pulsed 
power performance 
Optimizing the designed reactor by considering the electrodes shape and applied geometry is 
effective on the generated plasma performance. This can reduces the required voltage level 
and rate of rise as the reactor capacitance can adversely affect the pulsed power supply. 
Investigating the effect of different geometry and electrodes shape combinations on electric 
field distribution using Finite Element simulations is suggested as the first step. As the 
second step the by employing the implemented hardware setup it is possible to optimize the 
required reactor setup. 
 
 Study the effect of negative and positive discharges on different applications 
Plasma discharge can be positive or negative. This is determined by the polarity of the 
voltage on the electrode with a high potential gradient. The characteristics of positive and 
negative plasma are totally unlike. This difference causes varied phenomena, regarding to the 
proposed and implemented pulsed power supplies it is advantageous to study the effect of 
positive and negative discharges in different applications. 
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 Pulsed Power Applications 
Regarding to the presented information and experimentation of pulsed power applications 
and considering the recent interests in bio-applications investigating the following 
applications can be quite beneficial. This study not only can improve and evaluate the 
performance of the designed pulsed power supplies, but also there is a high possibility of 
commercialization due to recent interests and investments in these types of applications: 
 
1-Plasma Gasification 
Gasification is a process which relates to conversion of organic or fossil based carbonaceous 
materials into syngas. In other word, it is a process of converting waste into gaseous fuel. In 
recent years plasma gasification has gained lot of interest. However, increasing the system 
performance and efficiency using power electronics techniques is one of the active areas. 
QUT has conducted a cleantech project based on plasma gasification. One of the goals in this 
undergoing project is finding an optimum operating point with respect to power consumption 
point of view and process outcome. 
 
2-Biomedical applications    
The generated UV, ozone, and active radicals due to the presence of plasma found to be 
extremely effective in killing harmful bacteria and generally sterilization. Applying pulsed 
power supplies can increase compactness and reduces the time required for the process. 
Investigating different types of plasma discharges, effect of AC or DC voltages, and effect of 
dv/dt can be advantageous in order to provide a protocol for biomedical applications. 
 
3- Liquid discharge applications      
Production of biomass has recently gained lot of interest due to the intention of switching 
from fossil fuels to biofuels. Hence, investigating an efficient method to ease pre-processing 
stage of converting biological matter into energy products is extremely important. For the 
pulsed power supply applications this process involves within the liquid discharge 
applications. As improvements of solid-state topologies for liquid discharge applications 
were quite slow (low impedance application drawbacks), there is a high research potential in 
this field. 
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4- Biofuel treatment 
Recent applications show a high interest of using biofuels instead of diesel. Investigating the 
effect of plasma on particle matter distribution and mass is an interesting research, as the 
diesel exhaust gas treatment has been studied in this research. 
 
 Applying current source based converters using adaptive algorithm for high power 
piezoelectric transducer applications 
The extensive experiments conducted on the piezoelectric transducer showed capacitive 
behaviour of the piezoelectric device. Therefore, applying current source based converter is 
more efficient and can reduce lot of spikes generated across the output. In addition, the 
efficiency of the ultrasound system can be improved by employing a resonance frequency 
detection algorithm. Hence, developing a current source converter along with an adaptive 
algorithm is recommended as a potential future work in this field. 
